Genes affecting the centromeres of the fission yeast by Lord, Phillip
Genes affecting the centromeres of the fission yeast 
Phillip Lord 
Thesis presented for the Degree of 
Doctor of Philosophy 
at the University of Edinburgh 
IMN 
- 	 -1 
Declaration 
I declare that: 
this thesis was composed by myself and 





The centromere is an essential cis acting element of all eukaryotic 
chromosomes. It is the site of formation of the kmetochore, which is the large 
proteinaceous complex that binds the mitotic spindle, and directs chromosome 
movement during cell division. These structures are essential for accurate segregation 
of the genetic material during cell division. Despite this relatively little is known about 
the mechanisms of centromere function, mostly due to the large size and repetitive 
nature of the DNA found at the centromeres in many organisms. 
Several subsidiary phenomena appear to be associated with centromeric DNA, 
including transcriptional silencing and low levels of recombination. These phenomena 
are seen in other regions of repetitive DNA, and are characteristic of heterochromatin. 
In the fission yeast, S.pombe the centromeres have been extensively 
characterised, and consist of a largely unique central core, surrounded by a large 
inverted repeat. Previous studies have shown that marker genes inserted into these 
regions are transcriptionally silenced. 
Several genes have been isolated which are required for this transcriptional 
silencing. One of these, swi6, has been shown to localise to the centromere in vivo 
and is thought to form part of the functional kinetochore. In this thesis I describe the 
first molecular characterisation of another gene, c1r4 which is also required for 
centromeric silencing, and for localisation of Swi6p to the centromere. This gene and 
several of its alleles have been fully sequenced, and shown to contain both a chromo-
domain and a SET domain. This pattern of domain organisation has previously been 
shown to occur in the Drosophila gene Suvar (3)9, indicating that the silencing 
processes in these organisms are similar to those seen in S.pombe. Four of the mutant 
alleles sequenced result from point mutations, and of these, three alter conserved 
JI' 
residues in the SET domain. The c1r4 gene was disrupted leaving only 38 amino 
acids at the 5' end of the native open reading frame intact. This disruption was shown 
to have a phenotype similar or identical to that of the originally isolated clr4-s5 allele. 
I also describe the characterisation of a novel gene, eva1 which was isolated 
due to its effect on transcriptional silencing of reporter genes placed within the central 
core of the S.pombe centromeres. This gene has been fully sequenced and shown to 
contain a SANT domain, which appears to be conserved amongst genes which 
enhance or repress transcription by modifying chromatin structure. This gene has been 
deleted and shown to be non-essential and does not appear to directly affect 
centromere function. Possible functions for this gene in the cell are discussed. 
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1 Introduction 
1.1 Chromosomes in cell division 
The process of cell division usually results in two daughter cells identical to 
the mother. This requires the equal segregation of a huge amount of genetic material 
encoded by long, fragile DNA molecules. If this process fails to occur accurately one 
or both of the daughter cells may loose one or more genes carried by the parent. In 
many cases this will result in the death of the cell, or in humans can result in birth 
defects or cancer formation. 
The principle mechanism by which cells overcome the formidable hurdles to 
accurate division of this material is the chromosome. First described as "nuclear 
threads" in 1879 (Arnold, 1879a; Arnold, 1879b; Flemming, 1879), these structures 
were named "chromosomes" nine years later after the Greek for "coloured bodies" 
(Waldeyer, 1888). The chromosomes are a tightly packaged mixture of protein and 
DNA, known as chromatin, which are highly condensed during mitosis when they 
become visible as the separate threads seen in 1879. 
The level of packaging in a typical eukaryotic chromosome is 10,000 fold that 
of a DNA double helix (Adams et al., 1986 for review) . The lowest level of this 
packaging is the nucleosome which has now been characterised down to a resolution 
of 2.8 A (Luger et al., 1997). This consists of the core histones (MA, H2B, 113, and 
144) bound together as an octamer, surrounded by 146 bp of DNA. The final histone, 
Hi, is though to bind the "linker" DNA which lies between two adjacent nucleosomes 
(Thoma et al., 1979; Pederson et al., 1986). The presence of the octamer can best be 
visualised by partial digestion with micrococcal nuclease, which cuts preferentially in 
the linker DNA resulting in a ladder with monomer size of approximately 160 bp. 
It can be shown that the higher levels of packaging of chromatin into the 
chromosome are regulated. Various staining techniques produce complex and 
repeatable banding patterns of lightly and darkly staining regions (Craig and 
Bickmore, 1993). These "karyotypes" are highly replicable and are often used to 
identify specific chromosomes or species. The bands are also used to describe the 
location of sections of the chromosomes or specific genes (Lewin, 1994), showing 
that a given piece of DNA is reproducibly packaged into the same position on the 
chromosome. The higher order packaging from which this results is poorly 
understood, although one basic model is predominant, which involves a hierarchical 
series of packaging steps of which the nucleosome is the first (Manuelidis and Chen, 
1990; Filipski et al., 1990; Jackson et al., 1990). Of the other levels the next two are 
best accepted, namely the 10 nm fibre (which is a long string of nucleosomes) and the 
30 rim. fibre (which is a solenoid of nucleosomes) although direct evidence that these 
forms of packaging occur in the cell is lacking. 
The chromosome is however not simply an inert mass of chromatin, packaged 
to allow mitosis to occur accurately. Several specialised regions of the chromosome 
are required for its correct functioning. The first of these specialised structures are the 
telomeres. These are defined simply as the ends of the chromosomes. That they are 
specialised structures was first suggested by studies in Drosophila (Muller, 1938; 
Muller, 1940) when it was observed that terminal deletions or inversions of 
chromosomes were not recovered after X-irradiation. At the same time studies in 
maize (McClintock, 1938; McClintock, 1939; McClintock, 1941) showed that the 
ends of broken chromosomes were unstable, tending to recombine or fuse with other 
chromosomes. The telomere must function to prevent these problems. Additionally it 
is now known that telomeres are also required to allow the complete replication of the 
ends of the chromosome (Wynford-Thomas and Kipling, 1997a; Wynford-Thomas 
and Kipling, 1997b; Kipling, 1995a for review). 
Secondly the chromosome requires many "origins of replication", or 
autonomously replicating sequences (ARS) as they are known in the yeasts. These 
function as the site of initiation of DNA replication, and ensure that all parts of the 
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chromosome are replicated once and only once during the cell cycle (Chevalier and 
Blow, 1996; Donovan and Diffley, 1996 for review). 
The third specialised region is the centromere. It is an essential cis-acting part 
of the chromosome which ensures correct segregation of the genetic material (Pluta et 
al., 1995 for review). During mitosis, at about the same time that the chromosomes 
first becomes visible another structure called the spindle forms. This is usually 
diamond-shaped as seen by light microscopy (Vallee, 1990), and is composed of 
microtubules, which are thread like structures build from long polymer chains of a 
and 13-tubulin, the structure of which has recently been analysed at 3.8 A (Nogales et 
al., 1998; Bums, 1998; Pennisi, 1998). The chromosomes appear to move along these 
microtubules to the equatorial plane of the cell (known as the metaphase plate, along 
which the cell will later divide). Shortly afterwards at the stage of cell cycle known as 
the metaphase-anaphase transition the sister-chromatids separate and move along the 
spindle fibres towards opposite poles of the cell completing the division of the genetic 
material. The term "centromere" was adopted for the characteristic body which forms 
on the chromosome where it attaches to the spindle fibres (Darlington, 1936). This 
body has also been named the "kinetochore" (Sharp, 1934). At the present time these 
terms are used differently, centromere referring to the DNA of the chromosome at 
this point, and kinetochore referring to the proteinaceous complex which attaches to 
the spindle (Earnshaw, 1991a; Saitoh et al., 1992). As well as its original cytological 
appearance, the centromere can also be defined in different ways depending on the 
method used to study them. A summary of these is shown in Table 1-1. 
As well as providing a point of attachment to the spindle the kinetochore also 
plays an active role in segregation of the chromosomes as the motor proteins which 
provide the force required to move the chromosomes appear to be sited at the 
kinetochore (Vallee, 1990). The centromere is also the site for attachment between 
the two chromatids, and whilst it is not clear how this linkage is maintained it has been 
suggested that the concatenation of DNA is responsible (Warburton and Earnshaw, 
1997c). Finally it is known that some kinetochore components directly interact with 
the cell cycle delaying the metaphase-anaphase transition until all of the chromosomes 
are correctly aligned on the spindle (McKim and Hawley, 1995; Nicklas, 1997 for 
reviews). 
Whilst there are some differences in different species, these processes appear 
essentially similar in all eukaryotes. It might be expected therefore that there would be 
a broad degree of similarity between the sequences found at the centromeres in 
different species. This has, however, not proven to be the case. Several organisms, 
such as Saccaromyces cerevisiae (Newlon, 1988), Schizosaccaromyces uvarum 
(Huberman et al., 1986), Kluyveromyces lactis (Heus et al., 1990), and Yarrowia 
lipolytica (Fournier et al., 1993) have small "point" centromeres. However most 
organisms studied such as mammals (Willard and Waye, 1987; Sunkel and Coelho, 
1995), Drosophila (Murphy and Karpen, 1995; Karpen et al., 1996; Sun et al., 1997), 
Schizosaccaromyces pombe (Baum et al., 1994; Fishel et al., 1988; Chikashige et al., 
1989), Neurospora crassa (Centola and Carbon, 1994), and maize (Alfenito and 
Birchler, 1993) have large and repetitive centromeres. Neither the nature or size of 
these repeats is conserved between species. 
Repetitive DNA is often packaged in the cell as "heterochromatin". This term 
was originally applied on cytological grounds as that part of the nuclear chromatin 
which is more densely staining than the "euchromatin" (Heitz, 1928). It is possible to 
stain specifically heterochromatin to produce chromosome bands (Arrighi and Hsu, 
1971; Sumner et al., 197 1) which in mammals usually includes all the centromeric 
domains. Heterochromatin is generally though of as being more densely packaged 
than euchromatin and as well as its cytological characteristics, it replicates late (Elalfy 
and Leblond, 1995; Vig and Broccoli, 1988), shows low levels of meiotic 
recombination and is associated with the poor and variable expression of marker 
genes placed ectopically in or nearby (Spradling and Karpen, 1990; Dorer and 
Henikoff, 1994). This variability is "epigenetically" stable, which means that it is often 
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stable over several cell divisions despite no apparent change in the primary sequence 
of the marker gene. This phenomena is known as "position effect variegation" or 
"transcriptional silencing". 
Much recent data has suggested that heterochromatin is not simply inert 
packaging of repetitive DNA, but may actually be required for several cellular 
processes such as meiotic chromosome segregation (Dernburg et al., 1996), telomere 
function (Nimmo et al., 1998), mitotic chromosome pairing (Wines and Henikoff, 
1992), and centromere function (Allshire et al., 1995; Ekwall et al., 1997). For this 
reason in this introduction, I shall first discuss in more detail the properties of 
heterochromatic regions in the cell. Several developmental systems where 
transcriptional silencing is used to control gene expression will also be examined with 
an emphasis on features shared with heterochromatic silencing. Next the physical 
structure of the centromeres and kinetochores of several species will be examined. 
Then I will examine the centromeres of S.pombe, their heterochromatic structure and 
how this structure has already been used to increase knowledge of centromere 
function in this organism. Finally I will suggest how this structure may be exploited to 
provide yet further insights into centromere function. 
Description  Description of assay Organisms Comments Refs 
Functional Mitotic Equal segregation of a genetic S.pombe, S. cerevisiae, This is not the same as 
marker or piece of DNA Drosophila mitotic stability which 
could be conferred by 
high copy marker 
segregating randomly  
Meiotic haploid Half of the progeny from a cross S.pombe, S. cerevisiae Centromere sequence 
have a genetic marker or DNA requirement during 
carried by one of the haploid meiosis often appears 
parents. more stringent than 
mitosis  
Meiotic diploid 1/4 of the progeny from a cross Drosophila Current Drosophila (Cook et al., 1997) 
have DNA or a genetic marker meiotic assays also 
carried by one heterozygote parent involves mitotic divisions, 
or half of progeny have DNA or which is probably 
marker carried by one homozygote unavoidable in this multi- 
parent  cellular organism  
Genetic Ordered tetrads Percentage of second division N.crassa First division segregation (Suzuki and Griffiths, 
segregation of marker divided by can be assayed in 1976) 
2, gives map distance in cM S.pombe using twsi 
between marker and centromere mutant. That genetic 
mapping is possible 
suggests the centromere 
forms at specific loci.  
Description  Description of assay Organisms Comments Refs 
Disordered tetrads In dihybrid cross (two unlinked S.pombe, S.cerevisiae Map distance of (Suzuki and Griffiths, 
loci, two allele) an over- individual marker to the 1976) 
representation of tetratypes (>1/4 centromere can be 
of asci) indicates one or both loci estimated by pair-wise 
are linked to their centromere. crosses resulting in 
isolation of marker 
closely linked to 
centromere. 
Cytological "Primary constriction"- region of Mammals Other non-centromeric (McManus et al., 1994) 
mitotic chromosomes which sequences can form 
appear thinner than surrounding similar Constrictions. 
non-centromeric material 
The point at which the sister Mammals (Allshire, 1997) 
chromatids attach during mitosis 
or meiosis H. 
Site of attachment of the spindle Mammals In organisms with (Pluta et al., 1995) 
fibres to chromosomes. In Holocentric chromosomes (Godward, 1985) 
mammals EM studies show large the spindle can attach to 
trilaminar plate known as any part of the 
kinetochore.  chromosome 
Leading edge of chromosome In S.pombe pre-meiotic (Chikashige et al., 1994) 
movement during mitosis and movements are lead by 
meiosis. telomeres and not 
centromeres. 
Table 1-1 shows the most common definitions of centromeres classified by method of study 
1.2 Heterochromatin in Drosophila 
The first suggestion that heterochromatin might be associated with phenomena 
other that its densely staining cytological appearance came from studies in 
Drosophila. The centromeric regions of Drosophila appear heterochromatic as 
banding patterns on the polytene chromosomes in this region are diffuse and poorly 
defined (Hayashi et al., 1990; Cook et al., 1997). Muller (1930) found several strains 
of Drosophila produced by X-irradiation with patched colouration of the eye rather 
than the even red or white which might be expected. These patches were not uniform 
in size or shape. Whilst the propensity to form these patches was genetically 
inheritable the size and shape of the patterns was not. Muller noted that these "ever-
sporting" mutations tend to associated with chromosomal re-arrangements with 
breakpoints in the centric heterochromatin. Due to its association with chromosomal 
rearrangements and variable phenotype this phenomena later became known as 
position effect variegation (PEV). 
Several lines of evidence suggest that the heterochromatin was in fact 
responsible for the PEV. It was shown that all of the rearrangements which cause this 
phenotype bring the white gene (which is responsible for the red eye colouration) into 
the proximity of the centric heterochromatin. Further, introduction of the largely 
heterochromatic Y chromosome can reduce the level of variegation (causing the eye 
to become mostly red), and that the degree of this reduction depended upon the 
physical size of this chromosome (Spradling and Karpen, 1990 and refs therein), 
which suggests a titration effect. Reuter (1982) showed that a variety of re-
arrangements could induce variegation, and that modifier mutations affected the 
cytologically observed degree of heterochromatisation at the break-points. It was also 
shown that heterochromatic spreading, as judged by polytene chromosome 
morphology, into euchromatic regions near the breakpoints was altered by genetic 
8 
modifiers of variegation, and that the accessibility of these regions to in situ probes 
was lessened by this spreading (Hayashi et al., 1990). 
A bewildering array of modifiers of PEV have been isolated. A combination of 
deficiency mapping and mutational analysis have found over 200 mutations defining 
over 100 loci which are capable of modifying PEV (Wustmann et al., 1989). Of these 
various genes which modify PEV perhaps the most interesting is Su(var) 205 which 
encodes HP  (Heterochromatin Protein 1). HP! has been shown to localise to many 
heterochromatic sites on the polytene chromosome (reviewed in Eisenberg et al., 
1989). It is a class of modifier known as haplo-suppressor, triplo-enhancer as in single 
copy it suppresses PEV, whilst with three copies it enhances. It also been shown more 
directly, that it is a dosage dependant modifier of PEV (Eisenberg et al., 1989). 
Several models have been advanced to explain this phenomenon. These 
include under replication of the polytene chromosomes- these are produced by over-
replication of a single chromosome bound together, and it was suggested that the 
amount of over-replication might vary along the length of the chromosome, giving 
rise to variable copy number of the marker gene which might account for the effects 
seen (Frisardi and Maclntyre, 1984). Another model was based on transposons 
integrating into the marker gene thereby inactivating it, and then excising again re-
activating the gene (McClintock, 1950). However the currently best accepted model is 
that of heterochromatic spreading by "mass action" (Locke et al., 1988). This model 
involves the centric heterochromatin spreading outwards from its site of formation. 
After chromosome re-arrangement the heterochromatin may spread into normally 
euchromatic regions, causing the observed transcriptional silencing. It is suggested 
that the complex contains a large number of sub-units which explains how many 
different genes could affect PEV in a dosage dependant fashion when only one or two 
would be expected to be in limiting amounts. A more quantitative (and testable!) 
version of this model was proposed by Clarke et al., (1996). However this model has 
been criticised on the grounds that the proposed heterochromatic complex would be 
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too unstable (Henikoff, 1996). A small change in nuclear volume would result in a 
small change in the concentration of all the components. The large number of these 
components in the proposed complex would however result in a massive change in the 
concentration of the complex. 
It is also interesting to note that a PEV like phenotype can be induced by 
structures other than the centric heterochromatin. Introduction of a white gene 
directly into the telomeric regions using P-element mediated transformation can result 
in PEV (Hazelrigg et al., 1984), and repeats of a transgene introduced into what is an 
otherwise euchromatic region on the chromosome results in heterochromatisation and 
PEV (Dorer and Henikoff, 1994). This latter observation is of particular interest 
because it suggests that repetitive DNA may cause heterochromatin formation 
irrespective of the sequence of the DNA. Similar centromere associated silencing 
phenomena have also been seen in mice (Butner and Lo, 1986). Also a PEV like 
phenomena has also been shown in algae although it is not know whether this is 
associated with centromeric heterochromatin (Cerutti et al., 1997). It has also been 
suggested that proximity to centric heterochromatin within the nucleus, although not 
necessarily along the chromosome, might be responsible for transcriptional silencing 
of some genes in mammals (Brown et al., 1997). 
Whilst the phenomenon of PEV has been known about for many years and 
intensely investigated it is still not clear what function it might have within the cell. 
However there is a parallel example which appears to be mechanistically linked to 
PEV where the programmed repression of some genes appears to be vital for the 
development of the Drosophila embryo. 
The homeotic gene cluster in Drosophila is a series of genes which are 
expressed down the Anterior-Posterior axis of the embryo and determine the fate of 
the cells within their regions of expression (Akam, 1989 for review). A homologous 
gene cluster is also found in many organisms, including mammals. The gene order 
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along the chromosome reflects their spatial expression along the embryo, although the 
functional importance of this arrangement is unclear (Lewis, 1978). In Drosophila the 
cluster is split into two parts named the bithorax complex (Bx-C) and the 
Antennapedia complex (Antp), both named after their first identified member 
(McGinnis and Krumlauf, 1992). The homeotic genes are characterised by the 
presence of a "homeo-box", a conserved 60 amino-acid domain (Scott et al., 1989 for 
review). As well as conservation of the individual genes, their ordering is conserved in 
mammals, although the cluster is not split into two and is present in four partially 
redundant copies (Hunt and Krumlauf, 1992 for review). The mechanism by which the 
expression of these genes is initiated is well characterised in Drosophila, and results 
from a cascade of gradients produced by expression of many genes (St Johnston and 
Nusslein-Voihard, 1992). 
Two groups of genes are required for the maintenance of correct expression of 
the homeotic genes once it has been established. The Polycomb (PcG) group proteins 
are required for stable repression of the homeotic genes. Thus in PcG mutants, the 
homeotic genes become expressed ectopically later in development (Struhl and Akam, 
1985). The second group of proteins, the trithorax group (trxG), maintains expression 
so that in mutants the expression of the homeotic genes drops in later development 
and therefore appears to act antagonistically to the PcG genes (Mazo et al., 1990; 
Breen and Haste, 1993). 
The Pc protein itself does not appear to bind DNA, even though it appears to 
be targeted to DNA in vivo (Zink and Paro, 1989). However it is known that PcG 
proteins function through cis elements called PcG response elements (PRE's). These 
elements can direct the localisation of PcG proteins on polytene chromosomes, and 
also silence neighbouring reporter genes (Muller and Bienz, 1991; Simon et al., 
1993). The Pc gene carries the chromodomain motif which also occurs in HP1 
suggesting that Pc might function by modifying chromatin structure (Paro and 
Hogness, 1991). In support of this it is has been shown, by immunoprecipitating 
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formaldehyde cross-linked chromatin, that Pc only binds over a large region of 
repressed, non-expressing genes within the Bx-C, but not over those regions which 
are active (Orlando and Paro, 1993). Furthermore the Pc protein is enriched at PRE's, 
and spreads outwards from these regions. 
As well as the chromodomain motif in the polycomb protein, several other 
features suggest a mechanistic link between this developmental silencing and PEV. 
Both phenomena show dosage dependency(Paro, 1993). Many modifiers of PEV also 
have a homeotic phenotype, and some PcG genes modify PEV(Paro, 1993). 
At the current time, it is not clear how the heterochromatic organisation of the 
DNA interacts with the transcriptional machinary. However recently it was shown 
that GAGA factor which is a sequence specific DNA binding protein found at many 
promoters, and can disrupt nucleosome positioning at hsp7O (Tsukiyama et al., 1994), 
has been defined as a trxG protein, and co-localises with several of the PRE's in the 
Bx-C (Strutt et al., 1997). This is the first example of a protein defined as a 
transcription factor which has also been defined genetically as functioning as a trxG 
protein. Perhaps specialised transcription factors are required to allow transcription 
within these heterochromatic regions. Conversely it has been suggested that a 
heterochromatin sensitive transcription factor may be responsible for the dominant 
variegation phenotype seen at the brown locus (Dreesen et al., 1991; Martin-Morris 
and Henikoff, 1995). It is possible that these transcription factors are affected by 
changes in the structure of the nucleosomes, due to modification of the histones of 
which they are made. Many different chemical modifications of the histones have been 
described, but perhaps the best studied is acetylation of four lysine residues in the 
histone H4 N-terminal "tail". The polytene chromosomes of Drosophila, and domains 
within these chromosomes are acetylated to different extents with the 3-
heterochromatin showing a depletion of H4 molecules acetylated at lysine residues 5 
and 8, but enriched for acetylated lysine 12 (Turner et al., 1992). Modification of 
these lysine residues also seems to be associated with the changes in gene expression 
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from the X-chromosome necessary to compensate for the different copy number 
between the sexes in both Drosophila (Bone et al., 1994), and mammals (Jeppesen 
and Turner, 1993). Whilst further evidence is required to determine whether these 
chemical modification of the histones also occur in position effected genes, or within 
the homeotic gene clusters, that such modifications might be responsible for defining 
heterochromatin within the cell is an attractive hypothesis. 
1.3 Heterochromatin in yeast 
The small size of the yeasts, S.cerevisiae and S.pombe, perhaps precludes the 
existence of heterochromatin in the classical sense of densely staining regions of the 
nucleus. However it seems possible that regions of the genome might show other 
features associated with heterochromatin. Given the simplicity of the yeast life cycle it 
would perhaps appear unlikely that the yeasts would use heterochromatic silencing of 
genes to control a developmental process as occurs in Drosophila. However both the 
yeasts do have a "developmental" stage which differs from vegetative growth which 
occurs during the process of mating. Both yeasts exist in one of two mating types. 
Under nitrogen starvation cells of opposite mating type conjugate to form a diploid 
cell and then enter meiosis (Sprague, 1991; Moreno et al., 1991). 
In S.cerevisiae the mating type is determined by a single locus, MAT, which 
usually contains one of two alleles a or a (1958; Takahashi, 1958, or for review Kiar, 
1989; Klar, 1989 for review). During the mating type switch a copy of the allele not 
already at MAT is copied into this locus from a different unlinked locus, HMLcc or 
HMRa by a site specific recombination mediated by the HO endonuclease (Kostriken 
and Heffron, 1984; Russell et al., 1986). What is perhaps most surprising about this 
system is that the cloning and sequencing of HML and HMR revealed that the genes 
and promoters at these loci are identical to those at the MAT loci (Astell et al., 198 1). 
It has now been shown by the recovery of mutations unlinked to HML, and HMR that 
these two sites are transcriptionally silenced (see later). Subsequently two cis-acting 
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elements, E and I were defined which are required for this silencing (Abraham et al., 
1983; Feldman et al., 1984). For this reason these two loci are referred to as the silent 
mating type cassettes (Feldman et al., 1984). 
Mutant screens have been performed, looking either for mutants which fail to 
switch mating type, or in which the silent cassettes express inappropriately. These 
resulted in the isolation of four complementation groups SIR1,2,3 and 4 (Silent 
Information Regulators) (Rine et al., 1979; Kiar et al., 1979; Haber and George, 
1979; Rine and Herskowitz, 1987). These genes are known to act through three cis 
acting sub-elements of the silencing element E (Brand et al., 1987; Kimmerly and 
Rind, 1987). These elements are redundant with any two of the three required for 
function (Shore and Nasmyth, 1987). The silencing element I has not been analysed in 
this detail. As well as the SIR genes there are other factors which bind the silencer site 
including the product of the RAP] gene (Shore and Nasmyth, 1987). 
As the centromeres of S.cerevisiae are not repetitive it seems unlikely that 
they would cause PEV. However, in S.cerevisiae, like most organisms the ends of the 
chromosomes, the telomeres, are repetitive (Szostak and Blackburn, 1982; Kipling, 
1995a). By inserting a marker gene near to the telomeres it has been shown that they 
do indeed cause a position effect (Gottschling et al., 1990). This transcriptional 
silencing appears similar to centromeric silencing in Drosophila as the degree of 
silencing variegates, switching between silenced and expressed states which are 
epigenetically heritable (Gottschling et al., 1990; Aparicio and Gottsch!ing, 1994). 
Importantly many of the genes which are required for mating type silencing are also 
required for silencing at the telomeres, as mutations in sir2, sir3, and sir4 all cause 
abolition of the silencing (Aparicio et al., 1991). Whilst SIR] is not required for 
telomeric silencing its deletion causes mating type silencing to become more like 
telomeric silencing, in that it becomes much less stable (Pillus and Rifle, 1989). The 
RAP] protein is known to bind to telomeric DNA (Wright and Zakian, 1995), and 
appears to co-localise with the telomeres in vivo by cytological assays (Klein et al., 
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1992; Palladino et al., 1993). Sir3p appears to interact with Rapip by a two hybrid 
assay (Moretti et al., 1994). Sir4p also appears to interact with Rapip in vivo 
(Cockell et al., 1995), although this interaction may be indirectly mediated by Sir3p, 
as Sir4p and Rap ip do not appear to' interact in vitro (Moretti et al., 1994). This 
evidence has been used as the basis for a model for the putative silencing complex 
involving Rapip binding directly to the telomeric repeats and also a Sir3p, Sir4p 
complex. The Sir3p, Sir4p complex is then thought to extend to a variable extent over 
the nucleosomal DNA next to the telomere, which then accounts for the silencing 
phenotype seen (Zakian, 1996). This is also supported by genetic evidence which 
shows that silencing decreases exponentially as the marker gene is placed further away 
from the telomeres (Renauld et al., 1993), and the demonstration that SIR3 over-
expression can enhance silencing (Renauld et al., 1993). It is also known that 
mutations in both H3 (Thompson et al., 1994a) and H4 (Thompson et al., 1994b) 
affect it and that the N-termini of Sir3p, and Sir4p interact with both H3, and H4 
(Hecht et al., 1995). 
Although silencing at the telomeres is well characterised, its role in the cell is 
not clear, as silencing can be abolished without affecting telomere function (Palladino 
et al., 1993), although some rap] alleles cause decreases in telomere length (Conrad 
et al., 1990; Lustig et al., 1990) and over-expression causes increases (Conrad et al., 
1990). Despite this it is clear from the number of common factors required for both, 
that silencing at the mating type is mechanistically linked to telomeric silencing. 
The fission yeast S.pombe also performs a mating type switch. Unlike 
S.cerevisiae the 3 loci involved, named mat], mat2 and mat3 are located close to each 
other on chromosome 3 (Beach, 1983). The mat] locus contains either the P or M 
allele copies of which are also present at mat2-P and mat3-M. The presence of a P 
allele at mat] results in a cell of plus mating type, the M allele results in minus. 
Usually these two alleles are only expressed simultaneously in the same cell in a 
diploid. In S.pombe diploids are unstable and can only be maintained by stringent 
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selection, so expression of these two alleles usually results in meiosis and spore 
formation (Moreno et al., 1991). The mechanism by which this switch occurs is not 
known, and although it is known to be initiated by a double strand break (Beach, 
1983), no specific endonuclease, akin to HO is known. By placing mat2-P on a 
plasmid and performing deletions (a method pioneered in S. cerevisiae (Abraham et 
al., 1984; Feldman et al., 1984)), it was shown that four cis acting elements were 
necessary to maintain transcriptional silencing (Ekwall et al., 1991). 
Several mutants which affect this switching process have also been described. 
The swi6 gene was isolated due to, a defect in the switching process. This can be 
assayed because spores which result from mating contain starch, which can be 
recognised within a colony by sectors which stain black with iodine vapours. In the 
case of swi6 otherwise wild-type colonies which usually stain black, stain much more 
lightly (Lorentz et al., 1992). The swi6 mutation also shows an alteration in levels of 
meiotic recombination around the mating type region. The region between the two 
silent loci (named "K") shows very low levels of meiotic recombination, having a 
genetic distance of <0.001 cM, rather than the 3 cM which would be predicted from 
its physical size (thought to be approximately 15 kb at the time) (Egel, 1984). This 
effect is reminiscent of the centromeres in S.pombe which also show very low levels 
of recombination (Clarke et al., 1986; Nakaseko et al., 1986). In a swi6 mutant 
background meiotic recombination in this region now occurs giving a genetic distance 
of about 1.5 cM (Lorentz et al., 1992). The swi6 mutation therefore reverses many of 
the heterochromatic features of the mating type region. When the swi6 gene was 
cloned it was shown to encode a protein with a chromo-domain (Lorentz et al., 1994) 
a motif previously defined as a region of homology between Drosophila HP 1 and 
polycomb (Paro and Hogness, 1991). 
The recombination phenotype of swi6 was also seen in the riki 
(recombination in K) gene. This was isolated due to an aberrant iodine staining 
phenotype, but was also shown to cause an increase in the rate of recombination 
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across the K region (Egel et al., 1989). The genetic distance between mat2 and mat3 
in this strain is reported to be 4 or 5 cM. This mutation also lowers recombination 
rates outside the K region, and have poor spore viability and unequal spore size 
suggesting aberrant meiotic segregation. 
Several genes have also been isolated from two screens solely on the basis of 
expression from either or both of the silent mating loci. The first of these looked for 
cells which displayed "haploid meiosis". This occurs when both P and M material is 
expressed in a haploid cell. Such cells often enter an abortive attempt at meiosis, 
resulting in the formation of two-spored asci. This allowed the isolation of cir] 
(cryptic loci regulator) due to expression of both silent mating type cassettes (Thon 
and Klar, 1992). This screen however requires expression from both mat2 and mat3. 
A more refined screen was later performed by Ekwall and Ruusala (1994). In this 
screen a mat] deleted strain was mutagenised, and then crossed with tester strains 
deleted for mat2 and mat3 and carrying either mat] P or matiM. Only mutant cells 
expressing from mat2 and/or mat3 would be capable of mating in such an assay. This 
resulted in the isolation of c1r2, c1r3 and c1r4. 
As with S.cerevisiae the telomeres of the fission yeast are also associated with 
transcriptional silencing. Homologous recombination was used to further fragment the 
ends of the mini-chromosome Ch16 (Matsumoto et al., 1987) and simultaneously 
integrate a marker gene near the newly formed telomeres (Nimmo et al., 1994). It was 
shown that these marker genes were partially silenced and variegated in their level of 
expression. Somewhat akin to S.cerevisiae the degree of silencing was less at distance 
from the telomere (Nimmo et al., 1994). The effect on telomeric silencing of several 
mutants which affect mating type silencing was also tested (Alishire et al., 1995). 
Whilst cirl, c1r2, c1r3, c1r4, swi6 and riki mutations all alleviate silencing, they do not 
cause full derepression at the telomeres, indicating that these genes are not critical for 
the formation of a silencing complex at the telomeres. An indication that 
transcriptional silencing is important for function of the telomeres comes from studies 
17 
of the gene tazi which was isolated by a one-hybrid screen using the S.pombe 
telomeric repeats (Cooper et al., 1997). This gene appears to be involved in length 
regulation as mutant cells display abnormally elongated telomeres. Additionally this 
gene also causes derepression of telomeric marker genes. As well as tazi, another 
gene lot2 which was isolated solely on the basis of derepression of telomeric silencing, 
also appears to function in meiosis. These mutants show decreased levels of meiotic 
recombination (Nimmo et al., 1998). Additionally in S.pombe meiosis is usually 
preceded by a series of telomere led chromosome movements (Chikashige et al., 
1994), and in these two mutant backgrounds these movements are defective (Nimmo 
et al., 1998). 
Therefore in both yeasts the mating type loci and telomeres show 
transcriptional silencing which seems similar to position effect variegation, and the 
programmed repression of genes within the homeotic clusters in Drosophila. In the 
case of the telomeres in both yeasts several of the genes required for efficient silencing 
are also necessary for the correct functioning of the telomeres as structural 
components of the chromosome. 
1.4 The structures of centromeres 
In the previous sections the effects of heterochromatin were discussed and 
particularly how it appears to cause transcriptional silencing. In several cases these 
silencing phenotypes are associated with structural parts of the chromosome, namely 
the telomeres in both yeasts, and the centromeres in Drosophila. In the next section 
the data available on the structures of the centromeres, and the proteins that interact 
with them will be described. As has already been mentioned the centromeres of 
different species do not appear to be conserved, although they do tend to be large and 
repetitive. For this reasons the different species will be discussed separately. 
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1.4.1 The centromeres of mammalian cells 
The centromeric regions of those mammalian cells which have been analysed 
have proven to be large and consist of ordered arrays of middle repetitive sequences 
(Willard and Waye, 1987). Many classes of repetitive sequences found at the 
centromeres have been described (Miklos, 1985). This structural organisation has 
hampered investigation into the centromere sequences, or their organisation if the 
repeats are in fact the centromeres, due to difficulties in isolating unique probes, 
cloning, and digestion. 
Of the two basic approaches which have been used, the first "bottom-up" 
approach involves analysis of sequences which are present within the centromeric 
regions, with the eventual aim of constructing an artificial centromere. These studies 
have mostly concentrated on the role of one class of repeat sequences, namely (X-
satellite DNA. This class of sequence is highly abundant, found exclusively at 
centromeres (Willard and Waye, 1987), and often contains a 17 bp motif, the "CENP-
B box" (Masumoto et al., 1989), known to bind CENP-B (ceptromere protein ), a 
protein initially thought to be involved in kinetochore formation (Earnshaw and 
Rothfield, 1985; Earnshaw et al., 1985). Integration of blocks of a-satellite at ectopic 
sites causes formation of "anaphase bridges". These are chromatin blocks that span 
the gap between the chromosomes as they separate during anaphase and may indicate 
a process analogous to sister chromatid cohesion, one of the functions of a 
centromere (Haaf et al., 1992; Larin et al., 1994; Warburton and Cooke, 1997b). 
Other amplified sequences, in this case multiple repeats of the dihydrofolate reductase 
(DHFR) gene, which is not implicated in centromere function can also cause this 
affect, which weakens the conclusion that this may be a centromere specific function 
of a-satellite (Warburton and Cooke, 1997b). Alternatively this cohesion may 
represent a generic property of repetitive, heterochromatic DNA, which may have a 
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intrinsic tendency to self-associate (Karpen et al., 1996; Dernburg et al., 1996; Dorer 
and Henikoff, 1997). 
a-satellite does not occur in organisms evolutionarily diverged from humans, 
occurring only in the great apes, and other primates (Haaf et al., 1995). However 
other organisms have equivalent satellite, such as the minor satellite from Mus 
musculus which also appears to contain CENP-B boxes (Masumoto et al., 1989; 
Muro et al., 1992; Yoda et al., 1992) as do satellites from other mouse species 
(Kipling et al., 1995b). 
Recently two groups have used a-satellite as the basis for generation of 
artificial mini-chromosomes. One group used large arrays of a-satellite produced by 
PCR and ligation (Harrington et al., 1997). The other used YAC's spanning a native 
centromere. These YAC's included a human selectable marker and human telomeres. 
They were then transfected into host cells resulting in the appearance of "mini-
chromosomes" which appear to segregate correctly during mitosis (B.Grimes 
pers.comm.). However in both cases a large amplification of the DNA used in the 
transfection occurred to produce the chromosome, and the products have so far been 
poorly analysed. Neither groups used pure a-satellite DNA, nor can rigorously 
exclude the possibility that DNA from the host may be included in the final product. 
Whilst the idea that a-satellite and the equivalent repeats which carry the 
CENP-B box in other organisms might form the basis of the functional centromere is 
attractive, several lines of evidence argue against it. There appear to be no CENP-B 
boxes in African Green Monkey (AGM) a-satellite (Goldberg et al., 1996), although 
it does appear to have functional CENP-B (Yoda et al., 1996). As at the current time 
CENP-B has no suggested function other than binding the CENP-B box, it is not clear 
why AGM should have CENP-B when it apparently has nothing to bind to. 
Furthermore, recent studies of a "neo-centromere" (a centromere formed in an 
"acentric" fragment resulting from chromosome breakage), suggest that at least in one 
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case, centromeres are capable of forming in what appears to be normal non-repetitive 
euchromatic DNA, as judged by restriction analysis, and FISH (duSart et al., 1997). 
This result has been supported by a FISH based study of 8 "marker" chromosomes 
which appear to have no a-satellite (Depinet et al., 1997). This raises the possibility 
that mammalian centromeres may have no or few specific sequence requirements. As 
the site of the centromere is heritable through multiple cell divisions, the centromeres 
would therefore be epigenetically defined. 
The second "top-down" approach involves deletion analysis of native 
chromosomes to isolate a minimal centromere. Once again the inability to manipulate 
the DNA in vitro complicates this method. However, by producing YACs or plasmids 
with centromeric sequences, a selectable marker, and telomeric sequences, it is 
possible to cause breakage of a chromosome by homologous or non-homologous 
recombination, resulting in mini-chromosomes between 2.5, and 8 Mb is size (Heller 
et al., 1996; Fan et al., 1995). One of these deletion derivatives has also been 
transferred to mouse cells, which combined with their small size, should allow easier 
analysis of the repetitive sequences because of the absence of highly similar repeats on 
the native chromosomes (Shen et al., 1997). It was however noted that the stable 
chromosome had acquired some mouse sequences, which might confuse such analysis, 
or even be responsible for the functioning of this mini-chromosome in the mouse cell 
background. 
From the data presented it is apparent that the role of a-satellite DNA in 
centromere function remains highly equivocal. It seems likely that it is not required for 
centromere formation. Its presence at the centromere may be as a result of the 
recombinational deficiency at the centromeres, with the possibility that it is an 
evolutionary relic of a transposon (Kipling and Warburton, 1997). Alternatively, a-
satellite may be a favourable site for the formation of a centromere, without being 
strictly required. It is not clear how this hypothesis could be tested at the current time, 
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although improvements to the mini-chromosomes systems mentioned earlier might 
allow investigation of the sequences most favoured for de novo centromere formation. 
Four proteins putatively involved in kinetochore formation, including CENP-
B, were originally isolated due to the chance discovery that patients with the auto-
immune syndrome CREST produce anti-bodies which can localise to the centromeric 
regions of the chromosomes. These were named CENP-A, CENP-B, CENP-C 
(Earnshaw and Rothfield, 1985) and CENP-D (Kingwell and Rattner, 1987). The 
brief details of these and other proteins though to be part of the kinetochore are 
shown in Table 1-2. The kinetochores in mammals are visible as the "primary 
constriction", and appear to be a trilaminar structure as shown in Figure 1-2. The 
large size of the kinetochores means it is possible to determine the localisation of a 
protein within the trilaminar plate using light microscopy. It is also of note that many 
of the CENP proteins have been found in evolutionarily diverged organisms, 
suggesting that, despite the lack of sequence conservation seen between the 
centromeres of these organisms, the kinetochore structures may be conserved. 
Of these other CENP proteins, CENP-C, CENP-E and CENP-A localise to 
active centromeres in Robertsonian translocations where one centromere has become 
inactivated (Sullivan and Schwartz, 1995; Earnshaw et al., 1989; Page et al., 1995; 
Warburton et al., 1997a) (In these cell lines CENP-B localises to both active and 
inactive centromeres re-enforcing the view that its presence is not sufficient for 
kinetochore formation). CENP-C localises to the inside of the trilaminar plate which 
comprises the mammalian kinetochore. It has DNA binding activity (Sugimoto et al., 
1994), and is required for normal transition from metaphase (Tomkiel et al., 1994). Its 
C-terminus shares significant homology with the MIF2 gene from S.cerevisiae 
(Brown, 1995) and this region of homology is required for CENP-C centromeric 
localisation (Lanini and McKeon, 1995), although other data suggests the central 
region of this protein may direct localisation(Yang et al., 1996). Recently a 
conditional mutation of CENP-C in the chick DT40 cell line was produced (Fukagawa 
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and Brown, 1997). This causes a block at the metaphase anaphase transition, followed 
after a short period (-2.5h) by apoptosis. This data shows that CENP-C has an 
essential function during mitosis, and it is suggested that it may be responsible either 
for mediating chromosome anaphase motions, or as a signal for triggering centromere 
function in anaphase. 
The CENP-A protein has also been shown to localise to the inner kinetochore 
plate of active centromeres (Warburton et al., 1997a) and appears to form part of the 
chromatin with the a-satellite DNA found in this region as suggested by chromatin 
immunoprecipitation experiments (Vafa and Sullivan, 1997). Interestingly this 
localisation also occurs to neo-centromeres suggesting that its localisation is not 
directed by the primary structure of the DNA. CENP-A is related to histone H3, 
which provides an interesting parallel to the S.cerevisiae gene CSE4 (see Section 
1.4.2). Its localisation has been shown to require regions with putative DNA 
interaction function as defined by comparison to the histone H3 crystal structure 
(Shelby et al., 1997). It is expressed later in cell cycle than the histone genes, and this 
timing of expression has been shown to be required for its correct localisation, as 
earlier expression results in localisation to the whole centromere. It has been 
suggested that this late expression may couple CENP-A synthesis to centromeric 
DNA replication, which by analogy to other heterochromatin may also replicate late 
(Shelby et al., 1997). The demonstration that CENP-A forms a part of the 
heterochromatin at the centromere therefore suggests a mechanism for the epigenetic 
maintenance of the centromere (Vafa and Sullivan, 1997). 
CENP-E is associated with the centromeres from prophase (after nuclear 
envelope breakdown) to anaphase-A (Brown et al., 1996). It appears to be related to 
kinesin, a tubulin motor protein, (Yen et al., 1992) and is degraded at the end of 
mitosis (Brown et al., 1994). This suggests that it may be involved in chromosome 
movements on the spindle which is made from microtubules, with plus ends at the 
metaphase plate. On the basis of immunodepletion experiments it has been suggested 
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that CENP-E is associated with and might encode a minus-end directed microtubule 
motor (Thrower et al., 1995), although more recent direct biochemical assays suggest 
that it has plus-end directed motor activity (Wood et al., 1997). Immunodepletion 
assays in Xenopus extracts suggest it may be involved in metaphase chromosome 
alignments (Wood et al., 1997). Further by immunodepletion of CENP-E in vivo it 
appears that this protein is required for correct alignment of the chromosomes on the 
metaphase plate, and, by over expression of a dominant negative truncation of CENP-
E that the motor domain is essential for this alignment (Schaar et al., 1997). 
A second role for the centromere regions has been suggested by analysis of the 
INCENP proteins, which appear to be carried by the centromeres to the metaphase 
plate. They remain there after the metaphase-anaphase transition, and appear to direct 
the cleavage furrow (Earnshaw and Cooke, 1991b). This protein appears to have 
distinct domains for association with the microtubules during interphase and the 
central spindle during anaphase which may explain its unusual distribution (MacKay et 
al., 1993). 
The data on functionally important sequences within the mammalian 
centromere are therefore confusing and often conflicting. However the advent of a 
mini-chromosome system may allow the investigation of which sequences are required 
or are most permissive for de novo centromere formation. Conversely knowledge of 
the components of the kinetochore is much more advanced. Many proteins which bind 
to the mammalian centromeric region are known, and the biochemical function of 
several of these proteins has been suggested. These proteins appear to be widely 
conserved, some even showing homology to S.cerevisiae proteins which supports the 
hypothesis that kinetochore proteins may be conserved even though centromere 
sequences are not. Additionally the existence of neo-centromeres, and evidence 
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Figure 1-1 shows a diagrammatic representation of several centromeres 
S.cerevisiae, 
Drosophila 
Humans (and other mammals) 
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Localisation Comments References 
CENP-A Centromere Histone-like protein-localises to active Palmer et al 1991, Palmer et a! 1990, 
centromeres only. Warburton et al 1997 
CENP-B Central Domain a-satellite DNA-binding domain protein, not Earnshaw et al. 1989,Masumoto et al 
specific to active centromeres 1989, Cooke et a! 1990, Warburton 
and Cooke 1997 
CENP-C Inner Kinetochore plate DNA binding protein, active centromeres Saitoh et al 1992, Sullivan and 
only. Essential in mitosis. Loss causes Schwartz 1995, Sugimoto et al 1994, 
metaphase anaphase block. Fukagawa and Brown 1997 
CENP-D Kinetochore Possible regulator of chromatin condensation Kingwell and Rattner 1987, Bischoff et 
a11990 
Localisation Comments References 
CENP-A Centromere Histone-like protein-localises to active Palmer et al 1991, Palmer et a! 1990, 
centromeres only. Warburton et al 1997 
CENP-B Central Domain a-satellite DNA-binding domain protein, not Earnshaw et al. 1989,Masumoto et al 
specific to active centromeres 1989, Cooke et al 1990, Warburton 
and Cooke 1997 
CENP-C Inner Kinetochore plate DNA binding protein, actives centromeres Saitoh et a! 1992, Sullivan and 
only. Essential in mitosis. Loss causes Schwartz 1995, Sugimoto et a! 1994, 
metaphase anaphase block. Fukagawa and Brown 1997 
CENP-D Kinetochore Possible regulator of chromatin condensation Kingwel! and Rattner 1987, Bischoff et 
al 1990 
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Localisation Comments References 
CENP-E Outer Kinetochore Plate Kinetochore motor protein, active 
centromeres only 
Yen and Cleveland 1992, Lombillo et al 1995, 
Liao et al 1994 
CENP-F Outer Kinetochore plate Unsure-suggested organisation of 
kinetochore, or condensation 
Liao et al 1995, Rattner et al 1993 
INCENP's Pairing domains/ Inner chromatids Sister chromatid adhesion, cytoskeleton 
organisation 
Earnshaw and Cooke 1991, Mackay et al 1993 
CLIP's Pairing domain Sister chromatid linking Rattner et al 1988 
MCAK Central domain Kinesin like protein Wordeman and Mitchinson 1995 
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Figure 1-2 Kinetochores of mammalian cells 
is a scanning electron micrograph of two mammalian chromosomes showing the 
primary constriction (courtesy of Adrian Sumner). 
is a transmission electron micrograph showing the trilaminar plate of the kinetochore 
(Courtesy of C.A.Cooke and W.C.Earnshaw). 
1.4.2 The centromeres of S.cerevisiae 
The centromeres of S. cerevisiae were initially cloned when it was noted that a 
cosmid which complemented cdclU had unusual mitotic stability in the absence of 
selection (Clarke and Carbon, 1980). The DNA which conferred this stability has 
since been shown to be the native CEN3, as deletion of these sequences on the 
chromosome result in rapid loss of that chromosome (Clarke and Carbon, 1983). It is 
know that transcription does not occur through the centromeric regions of 
S.cerevisiae (Yeh et al., 1986). Furthermore placing a strong promoter transcribing 
towards a centromere can disrupt its function (Chlebowicz-Sledziewska and 
Sledziewski, 1985). By placing the inducible GAL] promoter downstream of the 
native CEN3, it is also possible to produce a "conditional centromere" in a native 
chromosome, further demonstrating that this region provides the native centromere 
function (Hill and Bloom, 1987). A small (-150 bp) nuclease resistant core was 
shown to exist at CEN14 (Funk et al., 1989). Whilst the presence of this nuclease 
resistant core correlates with centromere function in mutant centromeres which 
suggests that at least part of the centromere may have an altered chromatin structure, 
the nuclease sensitive sites seen at CEN3 are not perturbed by the GAL] inactivation 
of this centromere (Hill and Bloom, 1987). 
Many other centromeres have since been cloned, and from comparison of 
several of these three regions have been defined (Fitzgerald-Hayes et al., 1982; Hieter 
et al., 1985).The two conserved regions, CDEI which is 8 bps long, and CDEIII 
which is 25 bps long are separated by a 78-86 bp region CDEII, which is not 
conserved between different centromeres, but is always highly (>90%) AT rich (see 
Figure 1-2). 
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Unlike the large centromeres found in mammals, the small size of S.cerevisiae 
centromeres has allowed a number of studies on the function of these various 
conserved regions. A mutational analysis of CDEIII has shown that it is essential for 
centromere function and very sensitive to mutations (Ng and Carbon, 1987). It is 
approximately palindromic (Hieter et al., 1985), and mutations in the absolutely 
conserved dyad axis of this palindrome cause a severe loss of function showing 100 to 
1000 fold increase in native chromosome loss rates (Mcgrew et al., 1986; Ng and 
Carbon, 1987). It is however clear that CDEffl is functionally asymmetrical as 
mutations on either side of the axis have different effects (Hegemann et al., 1988; Jelin 
et al., 1991), and inversion causes complete inactivation of a native centromere 
(Murphy et al., 1991; Sorger et al., 1994). The small size of the centromeres of 
S.cerevisiae has also provided an excellent substrate for biochemical investigation. 
DNA-affinity chromatography using the CDEffl region of the centromere allowed 
isolation of the CBF3 complex (Lechner and Carbon, 1991; Lechner and Carbon, 
1991). Since then its three major proteins, p1  10, p64, and p58, have all also been 
isolated by a number of genetic screens (see Table 1-3). None of these components 
appear to be evolutionarily conserved, and their function is unclear at this stage. 
However, all three are essential, and all are required for the DNA binding activity of 
CBF3 (Sorger et al., 1995). Recently a careful biochemical analysis of CBF3 binding 
has been performed (Espelin et al., 1997), and interestingly it is suggested that p110 
binds not only within CDEHI, but extends outside this region into neighbouring 
sequence which is not conserved between different centromeres. This model bears a 
similarity to the model of a silencing complex nucleated from RAP] bound telomeres, 
spreading into neighbouring sequence, although this extended complex has not been 
yet shown to be of importance in vivo. 
A smaller component of CBF3, named SKPJ has also been identified. 
Interestingly it is highly conserved (Connelly and Hieter, 1996), although it is not yet 
known whether it has a role in centromere function in other organisms. It is required 
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for cell cycle progression, and interacts with the cell cycle machinary, being required 
for the ubiquitin mediated proteolysis of several cyclins (Bai et al., 1996). SKP1 
therefore provides a link between cell cycle control and kinetochore function. It 
appears to have several functions in the cell being required both in GUS phase and 
G2/M. One of these functions appears to be to phosphorylate CBF3/p58 thereby 
activating the whole CBF3 complex. Later in the cell cycle p58 is degraded which also 
appears to be mediated by SKPJ which binds to an essential component of the 
proteosome which is responsible for the degradation. These two functions may link 
the activation of CBF3 to the duplication of the centromeres during S phase (Kaplan 
etal., 1997). 
The CDEI region is not essential and can be mutated or even deleted with only 
.a small decrease in centromere efficiency (5-10%) (Cumberledge and Carbon, 1987; 
Panzeri et al., 1985; Sears et al., 1995), which is perhaps surprising given its 
conservation. It appears that meiosis puts more stringent requirements on the 
sequence of this region which may explain its conservation(Cumberledge and Carbon, 
1987; Carbon and Clarke, 1984). Biochemical assays using CDEI, have lead to the 
isolation of Cbflp (Bram and Kornberg, 1987). Cbflp is a helix-loop-helix protein 
and causes a 12-15 bp footprint of CDEI. Its deletion causes a similar increase in the 
rate of chromosome loss to CDEI deletion (Cai and Davis, 1989). Curiously it also 
produces a methionine auxotrophy, due to a second activity as a transcriptional 
activator (Thomas et al., 1992). By analogy to other such activators it seems possible 
that its function at the centromere may be to facilitate removal of nucleosomes 
(Thomas et al., 1992). 
There are also two centromeric proteins which have homology to known 
mammalian centromere proteins. The first of these, CSE4, has homology to histone 
H3 (64% identical over 98 amino acids) (Stoler et al., 1995). The same domain is also 
homologous to CENP-A. It has been suggested that CSE4 might form a part of a 
specialised nucleosome (Stoler et al., 1995), an idea re-enforced by the fact that over- 
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expression of CSE4 can suppress the temperature sensitivity of a mutant allele of 
histone H4 (Smith et al., 1996). As the size of the CDEH region of the centromere 
seems to be more constrained than its precise sequence (Clarke and Carbon, 1983), it 
has been suggested that a nucleosome containing CSE4 might bind to this region of 
the centromere (Pluta et al., 1995) Secondly the MIF2 gene has homology with 
CENP-C (Meluh and Koshland, 1995). Both over-expression and mutagenesis of 
MIF2 causes chromosome segregation defects (Brown et al., 1993). It binds CDEIII 
as shown by formaldehyde crosslinked chromatin immunoprecipitation experiments 
(Meluh and Koshland, 1997). 
Various models have been proposed for the organisation of proteins with 
respect to the DNA, which result in the formation of a functional kinetochore. For 
instance it has been suggested that the CBF3 complex nucleates formation by binding 
to CDEIII followed by or simultaneously with the MIF2 gene product. Finally CSE4 
binding to CDEII bends the DNA to bring CDEI, and Cbflp into proximity with the 
rest of the complex (Pluta et al., 1995). 
Therefore by the use of a combination of biochemical and genetic techniques, 
these small centromeres are the best defined and studied. The differences between 
these centromeres and those of the mammals, however casts doubt on how good a 
model organism S.cerevisiae is in this case. Indeed cytological analysis of 
chromosome behaviour shows that even this differs from mammals as the 
chromosomes do not congress on a mitotic plate before separation (Straight et al., 
1997). However there are now three putative kinetochore proteins with similarity to 
mammalian proteins, and the common theme of altered chromatin structure occurs 
even in this organism. 
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Name other names Site of binding Comments Refs 
CBF3-pl 10 NDC1O/CBF2/CTF14 CDEIII Essential, GTP binding motif Doheny et al 1993, Goh and Kilmartin 
1993, Jiang et al 1993a 
CBF3-p64 CBFb3/CEP3 CDEffl Essential, predicted Zinc finger Strunnikov et al 1995, Lechner 1994 
CBF3-p58 CTF13 CDEffl Essential 	 - Doheny et al 1993 
CBF3-p23 SKP1 CDEIII Highly conserved, required for proteolysis of cell cycle 
regulators. Arrests in G2/M or GuS dependant on allele 
Connelly and Hieter 1996, Bai et al 
1996 
CBF5 CDEffl? Possible component of CBF3, weak microtubule interaction, 
depletion causes GuS arrest. However probably nucleolar 
protein. 
Jiang et al 1993b, Cadwell et al.,1997 
CSE4 CDEII? Histone H3/CENP-A like protein Stoler et al 1995, Smith et al 1996 
MIF2 CDEH? AT rich DNA binding protein? Some homology to CENP-C. 
Synthetic lethal with CBF1, CBF3-p110 
Brown et al 1993, Meluh and Koshland 
1995 
KAR3 Microtubules? Kinesin related minus end microtubule motor responsible for 
motor activity of CBF3 
Endow et al 1994, Middleton and 
Carbon 1994 
CBF1 CPF1, CPI, p39 CDEI Helix-loop-helix protein, binds only wild type CDEI. Also 
functions as transcriptional activator 
Mellor et a., 1990, Baker and Masison., 
1990 
CDP1 May interact with Cbf up, and bind microtubules Foreman and Davis 1996 
Table 1-3 shows some of components of the S.cerevisiae kinetochore 
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1.4.3 The centromeres of Drosophila 
Unlike the budding yeast centromeres, those of Drosophila are visible 
cytologically, and are situated within blocks of a-heterochromatin. (Miklos, 1985; 
Miklos and Cotsell, 1990). Many repetitive sequences have been cloned from these 
regions due to differences in their buoyant densities resulting from differences with 
bulk genomic DNA in their base composition. The dodecasatellite was however 
cloned from a YAC (Abad et al., 1992), and was shown to have some of the 
properties which might be expected of a centromere, namely that it is capable of 
joining sister chromatids, albeit under the highly artificial conditions of a colchicine 
block (Carmena et al., 1993). 
None of this work has allowed mapping of the structure of the repeats within 
the centromere, as the heterochromatic structure of the region gives only weak 
banding patterns on polytene chromosomes, lowering the resolution of cytological 
mapping. Additionally because the region is repetitive, it is impossible, or difficult to 
isolate unique probes which can be used for restriction mapping by Southern analysis. 
However a unique euchromatic probe can be selected at the edge of the 
heterochromatin, which allows end mapping of these blocks. By combining this 
technique with a screen to select for chromosomal rearrangements with the 
heterochromatic region of a non-essential mini-chromosome, Dpi 187, a high 
resolution restriction map of one centromere has been produced (Le et al., 1995). 
This suggested that whilst most of the centromeric region consisted of simple 
sequence DNA, with relatively few restriction sites, three "islands" of complex DNA 
were also present (see Figure i - i). 
As the mini-chromosome is genetically marked and non-essential is has been 
possible to incorporate it into a chromosome function assay, by crossing carrier 
parents, and scoring for the presence of the marker in the offspring. Using this assay, 
various deletion derivatives of Dpl 187 were assayed for centromere function, and this 
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led to the conclusion that one of the complex islands named Bora Bora was essential 
for this function (Murphy and Karpen, 1995). It should be noted that the conclusion 
that this region is essential rather than sufficient for centromere function was based on 
the non-recovery of a class of deletion derivatives. 
By further deletion of Dpi 187, a smaller mini-chromosome yl 230 was 
produced. It contains only 420kb of the 1Mb of the heterochromatic region found in 
Dpi 187 allowing purification from bulk genomic DNA by pulsed field gel 
electrophoresis (Sun et al., 1997). This analysis has shown that Bora Bora in fact 
consists mainly of simple sequence DNA, interspersed with higher complexity DNA. 
This appears to contain transposable elements, which are also found at other places 
within the genome. This suggests, according to the authors, that no specific sequence 
is responsible for defining the centromere in Drosophila. This has been confirmed 
recently by a further report which suggests that as in mammals (see Section 1.4. 1) 
"acentric" fragments of the X chromosome can show neo-centromere activity 
(Williams et al., 1998). 
Compared to S.cerevisiae surprisingly little is known about genes involved in 
kinetochore function in Drosophila. The life cycle of this organism provides two main 
methods of studying chromosome behaviour. In both the syncitial blastoderm stage 
and the imaginal discs during the late larval stages of growth intense mitotic activity 
occurs. These stages provide many mitosis which could be assayed for abnormalities 
(Lewin, 1994). 
The 1(1)zwlO mutation (abbreviated as zwlO) causes high levels of aneuploidy 
in neuroblast squashes. It was found to cause premature sister separation, although 
only in colchicine blocked cells, (Williams et al., 1992), as well as chromatin bridges 
and unequal segregation in neuroblasts. This gene is late embryonic lethal, and 
mutants were thought to survive embryogenesis, by virtue of maternal RNA. Using a 
site-specific recombinase system to promote mitotic cross over it was possible to 
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breed from effectively homozygote mutant mothers, and similar results were shown in 
the syncitial blastoderm, confirming the initial observations (Williams and Goldberg, 
1994). The zwlO gene product has been localised by immunofluorescence, forming a 
filamentous structure during metaphase within the spindle, and then following the 
leading edge of the chromatin during anaphase. This localisation is dependent on the 
genes, rough deal and abnormal anaphase resolution, suggesting a large complex 
which is required for accurate segregation during anaphase. Later work has also 
shown that zwlO is required for both meiotic divisions (Williams et al., 1996), as 
abnormal meiotic figures are seen in testes squashes of flies with this mutation. 
Interestingly the localisation of zwlO during metaphase appears to require tension 
across the kinetochore as cells with univalent spindles fail to show a re-localisation 
during anaphase. This lead to the suggestion that zwlO might be part of a feedback 
control mechanism which senses tension across the centromere, and therefore bi-polar 
attachment to the spindle (Williams et al., 1996). Interesting putative homologues of 
zwlO have recently been isolated from other organisms(Starr et al., 1997). In humans 
localisation patterns of "HZW1O" were shown to be strikingly similar to those of zwlO 
during cell division. In C.elegans anti-sense RNA injection caused low fertility, high 
levels of embryo mortality and also chromatin bridges similar to those seen in 
Drosophila (Starr et al., 1997). That this gene is found is such evolutionary divergent 
organisms suggests it may be functionally conserved in all higher eukaryotes. 
A more direct functional assay in the form of a marked non-essential mini-
chromosome Dp1187, which has been so informative with respect to centromere 
structure, has also been used to identify trans-acting genes required for centromere 
function (Cook et al., 1997). An initial assessment of the screen using heterozygotes 
and deleted mini-chromosomes showed that several kinesin like genes indeed caused 
chromosome loss providing encouragement that this system may be highly productive 
in finding kinetochore proteins. However zwlO failed to show any effect on 
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transmission suggesting that the requirement for a heterozygote phenotype might limit 
isolation of some kinetochore proteins. 
As with the mammals the centromeric regions of the Drosophila 
chromosomes are large and repetitive. Within these repetitive regions of the one 
centromere analysed are smaller regions of complex sequence DNA, but these appear 
to consist of transposons. These have been suggested to be the origin of some of the 
repeats found in mammals also .(Kipling and Warburton, 1997). It would appear that 
as with mammalian centromeres there are not strict sequence requirements for the 
DNA which defines centromere function. 
1.5 The centromeres of S.pombe 
It might have been expected that the functional methods used to clone 
S.cerevisiae centromeres, where a cosmid was shown to have unusual mitotic stability 
(Clarke and Carbon, 1980), would also be applicable to S.pombe. However attempts 
at this strategy failed to isolate any small piece of DNA providing centromere function 
(Nakaseko et al., 1986). To overcome these problems chromosome walks were 
performed from loci which were genetically defined as being close to the centromeres 
(Nakaseko et al., 1986; Clarke et al., 1986). These indicated that the centromeres of 
S.pombe were highly repetitive. The genetic mapping performed also showed that 
meiotic recombination in this region was strongly suppressed (Nakaseko et al., 1986; 
Clarke et al., 1986). Other techniques as well as chromosome walks were used to 
define all of the repeats found at the S.pombe centromeres including plasmid 
integration-excision (Clarke and Baum, 1990; Hahnenberger et al., 199 1) and direct 
ana!ysis(Murakami et al., 1991). The details of these repeats and how they were 
initially defined is shown in Table 1-4. Presently all three S.pombe centromeres are 
structurally well defined (see Figure 1-3), and large parts of them have been 
sequenced. 
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These centromeres appear to be a large inverted repeat centred about a central 
core region (Takahashi et al., 1992; Fishel et al., 1988; Hahnenberger et al., 1991). A 
detailed map of ceni is shown in Figure 1-4 including both naming systems which 
were given independently to the repeat units. 
The central core regions, or cnt's, are largely unique, except for a 3.3 kb 
region called tin which is found at both ceni and cen3 (Takahashi et al., 1992). The 
functional significance of this region, if any, is not known. They have no 
distinguishing features other than being highly AT rich (>70%). Outside the cntl 
region are the inner most repeats (or imr's). Sequence analysis has shown in ceni at 
least these two repeats are identical within the 1.2 kb sequenced, and that alterations 
in non standard laboratory strains are symmetrically conserved (Takahashi et al., 
1992). Finally outside the imr's come the outer terminal repeats or otr's, which vary 
in size and number of repeats they carry. It is the differences between these regions 
which accounts for most of the variability seen between the different cen 's. 
Interestingly, although they were originally named entirely independantly and were 
not thought to be related the K repeats (which form part of the otr's), have since been 
shown to homologous to the K-region seperating mat2, and mat3 within the mating 
type-region (Grewal and Klar, 1997). 
The initial analysis of the centromeres showed minor differences between the 
two groups performing the analysis. A more systematic study using restriction analysis 
of centromeres of strains from different laboratories, and also from wild sources 
showed that the centromeres are highly polymorphic, even among the lab strains 
(Steiner et al., 1993). This is surprising as these strains are usually thought of as 
isogenic (Moreno et al., 1991). Although the outer repeats vary the most, the central 
core, and inner repeats were always present. It would appear whilst the primary 
structure of the centromere is not rigidly defined, the arrangement into a central core 
and inverted repeats is required. 
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Several different techniques were used to produce artificial or mini-
chromosomes which could be used to assay centromere function of parts of the native 
centromere. Radiation induced chromosome breakage was used to produce a variety 
of mini-chromosomes originating from cen3 (Nakaseko et al., 1986). Gap repair of 
plasmids was used to produce circular mini-chromosomes formed from all three native 
cens (Matsumoto et al., 1990). More mini-chromosomes were produced by cloning 
genomic fragments into YAC's, and then reintroducing into S.pombe (Hahnenberger 
et al., 1989; Clarke and Baum, 1990). This technique usually resulted in re-
circularised chromosomes perhaps due to incompatibility between the telomeres of the 
two yeasts. Finally direct cloning into plasmids and then re-introduction into S.pombe 
was also used to produce circular chromosomes (Baum et al., 1994; Marschall and 
Clarke, 1995; Ngan and Clarke, 1997). The results of these analyses are complex, and 
furthermore are not directly comparable, as at least five different methods have been 
used to assay centromere function of these constructs. It seems that whilst centromere 
function is not inherent in any small piece of DNA, most of the central core region 
and at least some of the imr's are required (Baum et al., 1994; Ngan and Clarke, 
1997) although an actual inverted repeat is not. 
Meiotic stability has also been assayed using the cen3 derived mini-
chromosomes (Nakaseko et al., 1986). These can pass through meiosis but show a 
high rate of first division segregation. They do not appear to disrupt the correct 
segregation of the native cen3 which suggests that the centromeres do not define 
which chromosomes pair during meiosis. 
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Repeat Name How defined Comments Refs. 
dg Sequence analysis of Repeat highly conserved. (-98% Nakseko et al 1986 
cen 1 between dgl, and dglla. No 
apparent reading frames 
dh Hybridisation of ceni Highly conserved. dlii and dliii Nakaseko et al 1987 
probes to cen2 contig show 80% homology, rising to 
98% if 820bp deletion is ignored.  
K Restriction analysis Size approx 6.4kb. In ceni K is Clarke et a! 1986 
split into K' and K" which are 
in the opposite orientation from 
K 
B Restriction analysis Size approx 1kb. Not highly Clarke et al 1986 
conserved. Cross hybridisation 
between cen 's mainly due to 
tRNA genes.  
L Restriction analysis Present at all three cen's Fishel et al 1988 
J Restriction analysis 	I Not found at ceni. Size <2kb Clarke and Baum 1990 
Table 1-4 shows the repeated sequences found in the S.pombe centromeres. 
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Figure 1.3 The centromeres of S.pombe 
A schematic diagram showing the organisation of all the repeats in the S.pombe centromere. 
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Figure 1-4 shows the structure of the S.pombe ceni. 
Part A shows a schematic representation of the whole of ceni. Small vertical lines 
indicate tRNA genes. 
Part B shows the central core and inner repeats in greater detail. The tRNA genes are 
indicated by small triangles. 
Part C shows the outer repeat regions in detail. 
In Both B and C the naming systems used by Takahashi et al.,(1992) and Hahnenberger 
et al.,(1991) are shown. Restriction enzymes sites are shown, labelled as follows: (B) 
BamHI; (C) ClaI; (E) EcoRI; (H) HindIH; (Hp) HpaI; (K) KpnI; (N) NcoI; (Nd) NdeI; 
(S) SphI; (Sp) SpeI; (X) XhoI. (Not all sites of each enzymes are shown). Sites where 
a ura4+ marker gene has been inserted are shown in inverse video, and those sites 
where the ura4+  has been inserted in both directions are marked with an asterix. 
Figure has been adapted from Alishire et al., (1995) 
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During the initial structural analysis of the S.pombe centromeres no genes or 
open reading frames were reported within this region, and they were though to be 
transcriptionally inactive (Fishel et al., 1988). However later sequence analysis 
showed that there are in fact multiple tRNA genes within the centromeric repeats 
(Takahashi et al., 1991; Kuhn et al., 1991). It is not known whether or not these 
genes are actually transcribing although several lines of evidence suggest that they are. 
These tRNA genes are not found elsewhere in the genome, by hybridisation at least 
(Kuhn et al., 1991), and they appear to be structurally complete (Takahashi et al., 
1991). They also appear to be associated with DNaseI hypersensitive sites within the 
imr's (Takahashi et al., 1992). 
It is also known that the chromatin structure of the centromeric repeats differs 
from that of bulk chromatin. Whilst initial experiments with the dglla repeat showed 
normal nucleosomal ladders after digestion with micrococcal nuclease (Chikashige et 
al., 1989), more exhaustive experiments showed that part of the B repeats from cen2 
seemed to lack the monomer band of the ladder (Polizzi and Clarke, 1991). A series 
of probes within the central core regions of ceni and cen2 showed no or faint ladders 
(Polizzi and Clarke, 1991). Similar experiments by Takahashi (1992) confirmed these 
results. Both groups showed that the regions examined were capable of forming 
nucleosomes on YAC's in S.cerevisiae (Polizzi and Clarke, 199 1) or on plasmids in 
S.pombe (Takahashi et al., 1992), suggesting that the environment of these sequences 
rather than the sequences themselves were responsible for these effects. It has also 
been suggested that the central core sequence of ceni is intrinsically "bent", although 
the biological significance of this observation is not clear (Ueki et al., 1993). 
When compared to S.cerevisiae studies on the structure of the S.pombe 
kinetochore are at a relatively early stage. Little is known about the proteins which are 
involved in its formation, and how these interact with each other and the rest of the 
cellular machinery. However EM studies of S.pombe have one major advantage over 
S.cerevisiae, namely the presence of only three chromosomes, which are significantly 
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larger than those of S.cerevisiae. Such studies have shown that the kinetochores of 
S.pombe are electron dense fibrillar structures which are attached to between one and 
four microtubules. The number of kinetochore microtubules decreases as anaphase 
progresses, whilst those not attached grow longer, and are probably responsible for 
the separation of the poles of the cell as the spindle elongated during anaphase B 
(Ding et al., 1993). 
It has been shown that the formation of a de novo kinetochore in S.pombe is 
epigenetically regulated. Introduction of a centromere containing plasmid produces 
two classes of transformant, one showing stable inheritance of the plasmid, and the 
other rapidly losing this plasmid (Steiner and Clarke, 1994). It was shown both by 
restriction analysis and recovery, and re-transformation of these plasmids that this was 
not caused by changes in the primary structure of these plasmids. It would seem 
therefore that on introduction into the cell the formation of a kinetochore over 
centromeric DNA occurs stochastically but once formed the kinetochore is stable. 
The large size and variable nature of the S.pombe centromeres do not provide 
as good a substrate for biochemical analysis as those of S.cerevisiae. As a result the 
two genes which appear to interact directly with centromere sequences were both 
initially isolated as binding to ARS sequences. Both have been shown to bind 
centromere sequences by a band-shift assay using cc2 (Halverson et al., 1997) and 
part of the K repeat in the case of abp1 (ARS binding protein) (Ngan and Clarke, 
1997), and part of the K repeat only in the case of cbh (CENP-B homolog) (Lee et 
al., 1997). These proteins are homologous to each other, and the mammalian protein 
CENP-B. Additionally both deletion, and over-expression of abp1 causes a 100 fold 
increase in the loss rate of a non-essential mini-chromosome, growth defects, and 
aberrant meiosis (Halverson et al., 1997). However, it has not been shown that either 
of these proteins bind centromeres in vivo by for instance co-localisation using 
immunofluorescence or chromatin immuno-precipitation, their binding is not specific 
to centromeres (they both bind ARS sequences). The significance of their homology is 
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unsure given the equivocal role of CENP-B in mammalian kinetochore formation. It is 
not sure therefore that these proteins form a part of the functional kinetochore. 
The mis6 gene was isolated by a direct assay for centromere function, namely 
mini-chromosome missegregation (Takahashi et al., 1994). It is essential, and 
mutation causes loss of native chromosomes as well as mini-chromosomes. It has 
been shown to localise to centromeres in fixed and living cells, and to bind specifically 
to the central core region by immunoprecipitation methods (Saitoh et al., 1997). In a 
mutant background the smear seen within the central core after micrococcal nuclease 
digestion is disrupted. Perhaps surprisingly functional mis6 is required during GuS 
phase for correct segregation at the next mitosis which provides an interesting parallel 
to the S.cerevisiae gene SKPJ which also has a function at this time. It has been 
suggested that this protein may be involved in the modification of chromatin structure 
at the centromere, and be required to maintain sister chromatid separation until the 
metaphase/anaphase transition. 
The repetitive nature, low recombination rates and altered chromatin structure 
within the S.pombe centromeric region is reminiscent of the heterochromatin found in 
the centromeres of other organisms. It seemed possible that this heterochromatin in 
S.pombe might cause transcriptional silencing. The evidence from mammals and 
Drosophila also seem to suggest that centromeres may be defined epigenetically. If 
this is true in S.pombe it would appear that investigation into any transcriptional 
silencing would also provide insights into the functioning and formation of the 
kinetochore. In order to test the first of these possibilities Alishire et al., (1994) 
integrated a ura4 marker gene into the central cores of all three centromeres. This 
marker is particularly useful because it can be selected for, by the absence of uracil, 
and against by the presence of 5-FOA a drug which is converted into a toxic product 
by the üra4 gene product (Boeke et al., 1984). The ura4 integrant strains were 
shown to be capable of growth under both selective and counter selective conditions 
which suggests that these markers were showing variable levels of expression, and 
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therefore were being partially repressed (Alishire et al., 1994). This was confirmed 
directly by Northern analysis. This silencing effect appears to be temperature 
sensitive, showing greater repression at lower temperatures. Additionally insertion of 
an ade6 marker, which gives rise to red colonies when mutated or deleted, produces 
sectored red/white colonies when integrated into the central core region, suggesting 
that the level of expression was epigenetically heritable. Interestingly the micrococcal 
smear seen within the central core also seems to affect an integrated marker, as the 
ends of the ura4 marker were shown to produce a similar smear, although the middle 
of the gene gave a weak nucleosomal ladder, which is suggestive of heterochromatic 
spreading, akin to that seen in Drosophila. 
In order to further characterise this silencing process ura4 markers have since 
been integrated at many different sites within ceni including the inverted repeat region 
as well as the central core (Allshire et al., 1995). Perhaps surprisingly there are several 
sites which are more repressed than the central core. The degree of silencing within 
the centromere is symmetrical about the central core, and is independent of the 
orientation of the marker gene. Sites a short (-I kb) distance from the ends of the 
inverted repeats are not repressed suggesting that the heterochromatin does not 
spread outwards. 
As described earlier several genes have been isolated which are required for 
the silencing of the mating type loci, including cirl, c1r2, c1r3, c1r4, riki and swi6. By 
combining mutants of these genes with the ura4 marked centromeres it was shown 
that c1r4, riki and swi6 are also required for full silencing within the inverted repeat 
region (Allshire et al., 1995). Mutations in cirl, c1r2 and c1r3 also affect silencing but 
to a much smaller extent. This does not apply to central core region which is only 
marginally affected by mutations in any of these genes. Importantly it was also shown 
that the rates of loss of a non-essential mini-chromosome were increased upto 100 
fold in the swi6, riki and c1r4 backgrounds (Allshire et al., 1995). 
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Of these genes swi6 and riki have been cloned and sequenced. The riki gene 
is non-essential and encodes a novel protein which no informative homologies 
(Borgstrom, 1996). The swi6 gene is also non-essential but it encodes a protein with 
a chromodomain, the domain which is found in heterochromatin proteins in 
Drosophila (Lorentz et al., 1992). By the use of combined immunofluorescence and 
FISH (fluorescent in situ hybridisation) it has been shown that the Swi6p associates 
with the centromeres in vivo as well as to the telomeres and mating type region 
(Ekwall et al., 1995). Additionally in mutants of this gene "lagging centromeres"-
where the centromeric FISH signal is separated from the spindle poles in late 
anaphase, occur at elevated rates, which is perhaps the cytological counter part of the 
elevated rates of mini-chromosome loss also seen with this mutant. It would appear 
then that this protein is part of the kinetochore complex of S.pombe as well as being 
required for centromeric silencing. The swi6 protein has not been shown to bind 
directly to DNA. Its localisation does require the presence of wild-type alleles of riki 
and c1r4 (Ekwall et al., 1996). It seems to associate with the centromeric 
heterochromatin however as judged by chromatin immunoprecipitation experiments 
(J.Partridge pers. comm.). 
Further evidence that the state of chromatin within the centromere is 
important to its function comes from the use of the drug ISA which blocks histone 
deacetylase activity (Yoshida et al., 1990). When centromere marked S.pombe strains 
are exposed to this drug, the marker becomes de-repressed in a manner similar to that 
seen in swi6 mutants (Ekwall et al., 1997). After exposure it is possible to select for 
the derepressed state, which therefore appears epigenetically heritable. In addition to 
the de-repression the rate of mini-chromosome loss and the level of lagging 
chromosomes as judged cytologically are both elevated, and Swi6p becomes de-
localised during exposure. It was also shown that histone H3, and H4 are under-
acetylated when bound to the wild-type centromeres. It therefore appears that 
modified histones are required for normal kinetochore formation. 
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It seems therefore that the process of kinetochore formation in S.pombe is 
dependant on the formation of a heterochromatic structure at the centromere. This 
structure seems to cause transcriptional silencing of marker genes placed within the 
centromere, and that this silencing provides an useful marker for the activity of the 
centromere. It would seem likely that further exploitation of this system would 
produce further insights into centromere function in S.pombe. 
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2 Materials and Methods 
2.1 Strains used in this thesis 
Strain Genotype 
972 h+N 
FY106 h 	ura4-D18 
FY285 h+N leuI-32 ura4-D18 ade6-210 tm1(Nco1)::ura4 random integrant 
FY312 h+N leu]-32 ura4-D18 ade6-210 tm1(Nco1)::ura4 
FY336 leul-32 ura4-DS/Eade6-210 tm1::ura4 
FY367 h IN  leuI-32 ura4-D18 ade6-210 
FY406 h IN  leul-32 ura4-D18 ade6-210 tm3..ura4 
FY4 12 h IN  ura4-DS/E ade6-21 0 cc2(sph1)::ura4 
FY445 h 	leui-32 ura4-D18 ade6-210 tm1(Nco1)::ade6 cc2(sph1)::ura4 
tm3::ura4 
FY525 h 	leul-32 ura4-D18 ade6-210 imr]L (nco11sph1)HindIII::ura4 
FY534 h+N leul -32 ura4-DS/E ade6-210 imrlL (C1a11EcoRI)HjndJJJ::ura4 
FY566 h 	leul-32 ura4-DS/E ade6-210 II Ch-16 ade6-216 m23::ura4 TEL 
pEN73 
FY568 h+N leul-32 ura4-DS/E ade6-210 II Ch-16 ade6-216 m23::ura4 TEL 
pEN77 
FY707 h  leul-32 ura4-DS/E ade6-210 otriR (BamHl/SpeI) Sph1::ura4 
FY708 h  leuI-32 ura4-DS/E ade6-210 otriR (BamHl/SpeJ) SphJ::ura4 
FY937 h IN  leul-32 ura4-DS/E ade6-210 Phe-otr1L(Xho1):ura4 
FY939 h+N leul-32 ura4-DS/E ade6-210 Phe-otr BglII::ura4 
FY 1180 h 	leuJ-32 ura4-D18 ade6-210 otriR Sph1::ade6 
FYi 181 h 	leul-32 ura4-D18 ade6-210 otriR Sphl::ade6 
FY1304 h 	leul-32 ura4-D]8 ade6-210 otriR SphI::ade6 clr4-s5 
FY1624 h 	leul-32 ura4-DS/E ade6-210 otriR Sph::ura4 
FY1939* h IN  leuJ-32 ura4 ade6-210 otriR Sph1::ade6 clr4-L1 
FY1941* h IN  leul-32 ura4-D18 ade6-210 otriR Sph]::ade6 	clr4-pS26 
FY1982* h  leul-32 ura4-DS/E ade6-210 otriR Sph.:ura4 c1r4-pS26 
FY2009* h9° leul-32 ura4-D18 ade6-210 otriR Sphl::ade6 clr4 -del XbaI-SpeI 
FY20 11 * h+N/hs leul -32/leul -32 ade6-21 0/ade6-216 ura4-D181ura4-D18 
eva] /pREP3xEva1 integrant. 
FY2144* h 	leul-32 ade6-210 ura4 tmI(Nco1)::ura4 clr4:.leu2 Xba Spel 
FY2146* h 	leul-32 ade6-210 ura4 imr]r(iHindIJI).:ura4 clr4.:leu2 XbaI Spel 
FY2150* h  leul-32 ade6-210 ura4 imr1r(aeHindIiI)::ura4clr4::leu2 XbaI Spel 
FY332* ura4-D18 leuI-32 ade6-210 Tm] :ade6 eva14::ura4 
FY2333* ura4-D18 leul-32 ade6-210 otr]Sph::ade6 evalZt::ura4 
Table 2-5 The strains used in this thesis. 
Strains marked with (*) were produced during the course of this thesis. 
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FY2235/PG906 h9° mat3-Mint::ura4 clr4 -642 leul-32 ura4 ade6-210 
FY2236fPG912 h9° mat3 -Mint ::ura4 clr4-681 leul-32 ura4-D18 ade6-210 
FY22371PG916 h9° mat3-Mint.:ura4 clr4 -916 leul-32 ura4 ade6-210 
Table 2-6 The clr strains used in Chapter 4. 
These strains were a kind gift of G.Thon. The PG numbers were given by G.Thon. 
2.2 Yeast protocols 
Most of the methods given in this section are modified from Moreno et al., 
(1991). 
2.2.1 Media 
Three basic types of media were used for the work described in this thesis. All 
media were prepared in bulk. The ingredients are initially dissolved in distilled or 
deionised water, and then made up to the appropriate volume. Where solid media 
were required 2% bacteriological agar (Oxoid) was added. Media were then 
autoclaved at 110 °C for 30 minutes. Solid media were usually cooled to 50-60 °C 
directly after autoclaving and then poured. 
YES 
0.5% (wlv) Yeast extract (Oxoid) 
3% (w/v) Glucose (BDH) 
plus 200 mgF 1 adenine, histidine, leucine, uracil, and lysine (Sigma) 
This media is used as basic "rich" media, for growing strains from frozen, 
prior to crossing, or genomic DNA preparation. When solid it can also be prepared as 
YE, with no, or limiting (7.5 mgF') adenine. In these circumstances an ade6 mutation 
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(or repressed ade6 1 ) colonies appear red in colour. Liquid media were used to 
culture cells overnight at 32 °C, to early stationary phase, which is a density of about 
107 cells per ml 
PMG 
3 g1 Potassium hydrogen phthalate 
1.8 g1' Na2HPO4 .2H20 
3.7 gi' L-glutamic acid 
Salts (from 50x stock) 
Vitamins (from 1000x stock) 
Minerals (from 10000x stock) 
Salts (50x) 
52.5 gF' MgC12 .6H20 
0.735 mgi' CaC12.2H20 
50 gi' KC1 
2 gi' Na2SO4 
Vitamins (1000x) 
1 gi' Pantothenic acid 
10 gi' Nicotinic acid 
10 gi' myo-inositol 
10 mgi' Biotin 
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Minerals (10000x) 
5 gi' Boric Acid 
4 gF' MnSO4 
4 gl' ZnSO4 .7H20 
2 g1' FeC12 .6H20 
0.4 g1 1 Molybdic acid 
1 gF 1 KI 
0.4 gi' CuSO4 .5H20 
10 gF' Citric acid 
This media (also known as EMMG) was used as the standard minimal media. 
Its supplemented with appropriate amino-acids to 75 mgi', or in 7.5 mgF 1 , which 
causes red colony colour in ade6 cells. This media was used for all selective growth 
conditions both as solid and liquid. 
ME 
3% (w/v) Bacto-malt extract 
200 mgi' each of adenine, uracil, histidine, leucine 
This media is nitrogen poor, and it is used to induce mating of strains, or to 
induce sporulation of diploid strains. 
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5-FOA 
The drug 5-FOA( 5-Fluoro-orotic acid) is counter-selective for the ura4 gene 
product. Due to the heat sensitivity of this drug it was produced as a 2x stock (2g1) 
in distilled water, pre-heated to 50 °C, and then mixed with 2x media cooled to 50 °C. 
Plates containing 5-FOA were stored at 4 0C and used within 2 weeks of preparation. 
All media containing 5-FOA also containined uracil to allow growth. 
2.2.2 Mating 
Strains were crossed as follows:- both parental strains were grown as patches 
on YES plates. Some cells from each patch were transfered to ME plates using a 
innoculaion loop, a small amount (-5tl) of sterile water added, and then mixed well. 
The plates were incubated for 2-3 days at 250C. 
These plates were then treated in one of four ways. To isolate diploids the 
mixed parental cells were struck out twice a day for the first three days of growth 
onto media selective for diploidy. Secondly mating type tests could be performed as 
described in a later section. Third for "random spore" analysis a loopful of the cross 
was removed after 3 days and incubated over night in a small volume of glusulase 
which digests vegetative cells. Digestion was checked microscopically, and spores 
recovered by centrifugation. Finally tetrad analysis was performed after 2-3 days of 
incubation of the cross, using a micromaniplutor (Singer MSM) according to 
manufacturers instructions. 
2.2.3 Growth Assays 
Small (1 ml) pre-cultures of the strains to be assayed were grown overnight to 
stationary phase. These were used as "starter cultures", for secondary cultures which 
were also grown overnight to early to mid-log phase ( —0.5 x 107 to 1.5 x 10). Cells 
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were counted, and diluted in a microtite plate to a final density of 100 cells p1'. Four 
1:5 serial dilutions were then performed. 1 0pl of these dilutions were then spotted 
onto plates. These plates were inverted when dry and grown under appropriate 
conditions. 
2.2.4 Genomic DNA 
spi 
1.2 M D-Sorbitol 
50 mM Sodium Citrate 
50 mM Sodium Phosphate 
40 mM EDTA 
pH to 5.6 
Autoclave 110°C 30 mins 
20 ml of a stationary phase culture was harvested in a 50 ml centrifuge tube (5 
mins at 3000 rpm). The supernatant was discarded. The cells were resuspended in 1.5 
ml SP1, supplemented with lSjil -mercaptoethano1, and incubated for 20 mins at 
room temperature. Cells were then harvested (30 secs at 14,000 rpm) and 
resuspended in im of SP1, supplemented with 200gmF' Zymolyase lOOT (ICN 
Biomedicals, 320931), and incubated at 37 °C for 1 hour. Cells were then harvested 
again, and resuspended in 0.1 ml SP1. 0.9 ml of 1% Sarcosyl, 0.1M EDTA, 0.1 M 
Tris pH 8.0 and gently mixed by inversion. 0.5 ml of phenollchloroformlisoamyl 
alcohol (25:24:1) (Sigma) were added, and the aqueous layer isolated. This 
procedure was repeated with chloroform alone. The DNA was precipitated with 0.1 
volume of 3M sodium acetate, 0.6 vol propanol, spun down (10 mins at 14,000 rpm), 
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washed once with 70% ethanol, and resuspended in 100 j.i1 of TE supplemented to 0.1 
mgmF' RNAse (Sigma, R-5000). 
A similar procedure was used for large culture volumes, by increasing all the 
volumes, and addition of extra phenol/chloroform extractions as necessary. 
2.2.5 Colony PCR 
Initial attempts to PCR from yeast colonies gave variable and inconsistent 
results. The procedure given here adapted from Ling et al (1995) however was much 
more consistent. 10 .tl of SPZ (1.2M sorbitol, 100mM NaPO 4 (pH7.4), 2.5 mgmi' 
zymolyase) were drawn into a disposable pipette tip, which was then touched to the 
yeast colony/patch. The SPZ was incubated in a eppendorf for 10 mins at 32 °C. 1.il 
of this mix was then used as template for a 25p1 PCR reaction. 
2.2.6 Plasmid recovery 
Cells were obtained either from a 2 ml overnight culture, or by scraping from a 
plate (about 1 cm). Cells were washed and resuspended in 0.5 ml 20 mM Tris pH 
7.6, 20 mM EDTA. To the pellet were added 0.5 ml of acid washed glass beads (0.5 
mm, BDH), and enough 20 mM Tris, 20 mM EDTA to cover the beads. The pellet 
was broken with a sterile cocktail stick, and then vortexed for 30 seconds. Then 1 ml 
20 mM Tris, 20 mM EDTA, 1% triton was added. This was vortexed briefly, and 1 ml 
supernatant removed. This was supplemented with 10tl 10 mgmi' RNAse, and 
incubated for 30 minutes at 60 °C. The mix was brought to 0.5% SDS, 100 i.gmf' 
Proteinase K, and incubated for a further 60 minutes. Then two phenol/chloroform 
extractions were performed and 0.5 ml supernatant was removed. The DNA was 
ethanol precipitated, and resuspended in 50j.tl of TE, of which between 0.2 and 5p1 
were used to transform E.coli. The resultant transformation efficiencies produced by 
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this method varied by several orders of magnitude, requiring multiple platings of the 
transformed bacteria. 
2.2.7 Transformation 
Two methods were used to transform S.pombe cells. Both methods provide 
good transformation efficiency (up to 10 5 p.g'). The first method involves exposure to 
lithium ions, and the second involves electroporation.The latter appeared to give 
marginally higher transformation rates, and is quicker, whilst the former requires less 
physicial manipulation and can be performed on many strains simultaneously. 
Lithium acetate procedure 
Cells were grown overnight in 100 ml culture to early stationary phase. Cells 
were then harvested ( 5 mins at 2000k) and washed twice in 20 ml 0. 1M lithium 
acetate (pH 4.95), and finally resuspended in 1 ml lithium acetate. 150p.1 aliquots were 
removed, to which were added lp.g DNA, 370 jil 50% PEG 3350. Aliquots were 
incubated at 320C, for approx 1 hour, and then heat shocked at 42 0C for 15 minutes. 
The cells were then spun down, resuspended in 1 ml of lithium acetate, and plated. 
This protocol can be performed entirely in eppendorf tubes (once the cells 
have been harvested). Here 5 ml cultures are used, and three 1 ml lithium acetate 
washes are performed before resuspension in 150 p.1 lithium acetate. These 
modifications allow large numbers of transformations to be performed in parallel. 
Electroporation 
100 ml of cells were grown to early stationary phase, and then harvested in a 
50 ml Falcon tube. The cells were then washed three times in 20 ml ice cold sterile 1.2 
sorbitol, and resuspended in 1.2 sorbitol to a concentration of 10 9. cells per p.1. 200 p.! 
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of these cells where then transferred to an ice cold BioRad gene pulser cuvette with 
0.2 mm electrode gap, up to lj.tg of DNA (suspended in water!) was added and 
pulsed at 2.25 kV, 200 Q, 25 tF. Immediately following the pulse 0.5 ml of ice cold 
1.2M sorbitol was added. Approx 0.5 ml of this suspension was then plated on very 
dry selective plates. 
2.2.8 Stability tests 
These stability tests were designed to distinguish those colonies with an 
integrated marker gene and those where the marker gene is maintained episomally. 
Both of the tests here rely on the fact that without selection episomes will be lost from 
some cells within the colony over time. The "individual" test describe allows accurate 
assessment of the percentage of transformants which have an episomal marker, but 
requires large amounts of physical manipulation. The "colony-based" test on the other 
hand allows easy screening of a large number of colonies, but has a high false negative 
rate. 
2.2.8.1 Individual 
Individual primary transformants were picked and patched onto YES plates. 
When these patches were grown, they were lightly replica plated to fresh YES plates. 
This was repeated twice more. The individual colonies were then struck out to single 
colonies (between 20 and 30 per plate), and allowed to grow. These plates were then 
replica plated to selective and non-selective plates, appropriate for the marker gene. 
When these were grown those patches which gave rise to colonies which were all 
capable of auxotrophic growth were held to be stable, and therefore probable 
integrants. Those patches which gave rise to colonies where none, or not all colonies 
could grow under selective conditions were held to be unstable, and therefore 
probably carried the marker gene as an episome. 
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2.2.8.2 Colony based 
Primary transfonnants were selective for appropriate density of colonies (100- 
200 colonies, on a 90mm plate, is optimal). These colonies were lightly replica-plated 
to non selective YES plates three times. The final plate was used to replica to 
selective and non-selective plates, and fully growing colonies were selected. These 
colonies were held to be stable. As a further check these colonies were often struck to 
single colonies and tested a further time. 
2.2.9 Iodine staining 
Iodine staining is performed to detect the presence of starch in colonies, which 
accompanies spore formation in yeast (Gutz et.aI., 1975). It was performed as follows 
:-A few crystals of iodine are placed in the bottom of a 500 ml flask. This is then 
heated directly over a low Bunsen flame, using a petri dish as a lid. When sufficient 
vapours are present the petri dish is replaced with the test plate, which is rotated to 
ensure even staining. After approximately 30 seconds, the plate is removed, and 
allowed to de-stain in air, and then examined either directly. or using a dissection 
microscope. When the exposure to iodine is limited it is possible to recover live yeast 
from stained colonies. However prolonged or heavy exposure is lethal to the yeast. 
During the course of the work described here this was used for several 
purposes. First to test for mating type. This is done simply by performing crosses with 
strains of known mating type. In many cases during the work described strains were 
carrying mating type mutations, which alter their iodine staining characteristics, so it 
was often necessary to re-check these results by microscopic examination, to test for 
the presence of spores. 
Secondly iodine staining can be used to select sporulating diploids. When 
grown on ME diploid colonies will rapidly produce a very high percentage of asci 
which produce an unambigious black staining pattern. 
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Thirdly in a c1r4 background h9° cells show an aberant staining pattern which 
allows them to be distinguished from wild-type cells. The wild type cells produce a 
black stain whilst the mutant cells give a dark grey pattern (Ekwall and Ruusala 
1994). 
2.2.10 Mini-chromosome loss 
Chromosome loss rates were measured using one of two non-essential mini-
chromosomes Ch16 (Niwa et al., 1989) or CM3 112 (Matsumoto et al., 1990). These 
carry genes which complement an ade6 mutation carried on the native 
chromosomes(Ch16 carries ade6-216 complementing the ade6-210 mutation, whilst 
CM3 112 carries sup3-4 which suppresses ade6-704). This allows visual determination 
of the presence or absence of the mini-chromosome in the host strain, as lack of this 
gene causes the colonies to become red. Cells are grown under selection for adenine, 
sonicated and then plated to single colonies. Half-sectored colonies will result when 
this loss occurs during the first division of the originally plated cell. The percentage of 
colonies showing half or greater than half red sectors therefore gives a measure of the 
chromosome loss rate in the first division of the cells after were plated. 
2.2.11 Immunofluorescence 
PEM 	Pipes 100mM pH 6.9 
EDTA 1 mM 
MgSO4 
PEMS 	PEM + 1.2M Sorbitol 
PEMBAL PEM +1% BSA 
0.1% Sodium Azide 
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100 mM Lysine Hydrochloride 





to pH 7.4 with HC1 
25 ml cultures were grown overnight at 18 0C to a density of —5 x 106  ml- '. To 
these cultures were added 25 ml of 2.4M Sorbitol, and 5 ml of 38% (w/v) 
paraformaldehyde in PEMS. Fixation was allowed to proceed for 30 minutes, then 
cells were gently harvested. Cells were washed 3 times in 10-15 ml of fresh PENIS, 
and then incubated for 90 minutes at 36 0C at a density of 108  cells MY' in PEMS 
containing lmgmf' Zymolyase. Cells were harvested and then lysed in PEMS + 1% 
Triton for 5 minutes at room temperature. Cells were then washed a further 3 times in 
PEMS buffer, then incubated for a further 30 minutes in 500 tl PEMBAL. To 50 tl 
of this was added primary antibody as appropriate. Incubation was allowed to proceed 
overnight under gentle inversion at room temperature. Cells were then washed a 
further three times in PEMBAL, and incubated over night with appropriate secondary 
antibodies overnight. Finally cells were washed once in PEMBAL, and twice in PBS 
with Sodium Azide, and resuspended in 50 pl PBS, Sodium Azide and 25 jigjiY' 
DAPI. Cells were then attached to poly-L-Lysine coated coverslips and mounted 
using Vectashield (Vecta Laboratories). Cells were observed with a Zeiss Axioplan 
fluorescence microscope and images captured with a Photometrics charge-coupled 
device camera, and manipulated with IP LAB Spectrum/Digital Scientific Software. 
2.3 Bacertial and molecular methods 
2.3.1 Bacterial media and strains 
Throughout the work described here, only one bacterial strain was used 
namely 
XL1-Blue: supE44DU169(F8-01acZDMI) hsdRl7 recAl endAl gyrA96 
thi-relAl 
Media used was in all cases LB broth, or LB agar 
Luria-Bertani Broth (LB): 
Bacto tryptone 	lOg 
NaCl 	 I lOg 
Yeast extract 	5g 
H20 	 toll 
Solid media was obtained by the addition of 15 g1 Bacto agar (Difco). All 
bacteria were grown at 37 °C in an orbital shaker. 
Antibiotic stocks 
Ampicillin 
A filter sterilised 1000x stock solution of 100 mgml' in H 20 was used 
Tetracycline 
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A 500x stock of 5 mgmf' in ethanol was used. As XL- 1 blue is tetracycline 
resistant this was used to control growth of contaminating organisms 
2.3.2 The prepartion of plasmid DNA 
All plasmids were prepared by use of the "alkaline lysis" method. This method 
uses three solutions. Cells are harvested and then resuspended in 2 volumes of 
Solution I. Then 4 volumes are Solution H are added. This is mixed by several 
inversions. Then 3 volumes of Solution 3 are added, and mixed either by vortexing 
upside down in an eppendorf (mini-preps) or rotation on a mechanical wheel at 4 °C 
for 10 minutes (CsC1 preps). 
Solution I: 50 mM Glucose 
25 mM Tris pH 8.0 
10 mM EDTA pH 8.0 
Solution II: 0.2M NaOH 
1% SDS 
Solution III: 3M potassium acetate 
2M acetic acid 
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Caesium Chloride maxi/midi preps 
200 ml and 11 cultures were grown overnight. Alkaline lysis was performed 
with either 10 or 20 ml of Solution I. Following alkaline lysis, the supernatant was 
obtained by filtration through several layers of muslin. The DNA was then 
precipitated by the addition of 0.6 of the total volume isopropanol, and spun down at 
room temperature for 10 minutes at 5000 rpm. The pellet was then re-suspended in 
2.8 ml water. Once the pellet had dissolved 3.2g of solid CsCl was added, and 
dissolved. Then 256R1 of ethidium bromide (10 mgmf') was added. This resulted in 
the precipitate which was removed by centrifugation (5 minutes at 5000 rpm). The 
supernatant was then collected, and was usually about 3.2 ml in volume. This was 
injected into a 3.2 ml Beckman "quik-seal" tube, which was then heat-sealed, 
according to the manufacturers instructions. The tube was then spun, with appropriate 
balances in a Beckman TL-100 bench-top ultracentrifuge, at 80,000 rpm, at 20 °C for 
either 4 hours or overnight. Minimum deceleration rates were used. After 
centrifugation the plasmid band was removed using a sterile needle and syringe. The 
ethidium was extracted by repeated addition of equal volumes of water-saturated 
butan-l-ol. Once the ethidium was removed the total volume was doubled with water, 
and the DNA was precipitated using 2 volumes of ethanol, 0.1 volume 3M sodium 
acetate, and centrifuging for 15 minutes at 5000 rpm. The pellet was washed with 
70% ethanol, and resuspended in an appropriate volume (usually 1 ml) of TE, or 
water. The DNA content was measured by use of a spectrophotometer, and/or gel 
electrophoresis. 
Whilst the volumes given here were for use with the 3.2 ml Beckman tubes, 
for smaller cultures, or where many samples were being prepared in parallel, the 
smaller 1.8 ml tubes were used with the volumes scaled down as appropriate. DNA 




To allow the rapid isolation of multiple plasmids, the following protocol was 
used. 2 ml cultures were grown overnight, and cells harvested by centrifugation. Lysis 
was performed as described using 200111 of Solution I in an eppendorf tube. Following 
lysis the supernatant was collected by centrifugation at 14,000 rpm for 5 minutes. The 
supernatant was then transferred to a fresh eppendorf, and 400 j.tl of 
phenol/chloroform was added. This was mixed by brief vortexing, left to incubate at 
room temperature for 2 minutes, and then spun at 14,000 rpm for 5 minutes. The 
aqueous layer was then collected, and the extraction repeated if necessary. The DNA 
was then precipitated using 2 volumes of -20 °C ethanol, 0.1 volume 3M sodium 
acetate, and collected by a further centrifugation. The pellet was washed once with 
70% ethanol, and resuspended in 50i1 of TE plus lOj.Lgmf' RNAseA. The DNA 
prepared in this manner could be used for all usages described in this thesis, although 
a dialysis step was required for electroporation of either E. Coli, or S.pombe, and 
results from sequencing by this protocol was somewhat variable. Therefore DNA 
produced in this was rarely used for this purpose. 
2.3.3 Restriction of DNA 
Restriction enzymes were used to digest DNA according to manufacturers 
instructions, generally Boehringer-Mannheim. Digestion was routinely performed in 
20 Ill final volume, although up to 100 p.! digestions were performed for Southern 
analysis or bulk fragment preparation. 
2.3.4 Ligation of DNA 
Ligation of DNA was performed using T4 DNA ligase according to 
manufacturers instructions. Usually several ligations with between 5x and 20x excess 
of insert was used, according to availability. Blunt end ligation was usually performed 
at 160C, whilst cohesive end ligation was usually incubated over night at room 
temperature. 
2.3.5 Converting 5' overhangs to blunt ends 
Cohesive ends were "filled in" to provide blunt ends for some ligations. This 
was performed using the Klenow fragment. This enzyme was found to work in most 
buffers. Therefore these reactions were usually performed in the buffer previously 
used for restriction digest. Reaction mixes comprised of ijil Klenow (1 unit/jil, 
Boehringer), ijil 10 mM dNTP's, usually 100 ng's of vector DNA, made up to 20j.xl 
with dH2O. 
2.3.6 Gel electrophoresis 
Gel electrophoresis was performed using a wide variety of concentrations of 
agarose from 0.8% to 4%, as well as combinations of NuSieve and routine agarose 
for small fragments. Routinely 20 x 20 cm gels were used and run in 0.5x TAE buffer. 
Gels were usually pre-stained with approximately 0.5 jig ml- ' of ethidium bromide. 
Gels were usually run at 200 V for 30-40 minutes, although lower voltages were used 
for Southern analysis, or bulk preparation of fragments. Both lambda HindIII, and 
X174 DNA were routinely used as size markers (Gibco-BRL). 
2.3.7 Isolation of DNA fragments from agarose gels 
Several methods of gel isolation were used. Most commonly the Geneclean II 
(Bio 101) kit was used, as it does not require the use of low melting point agarose. 
Also used were Mermaid (Bio 101) for isolation of small (<300 bp) fragments, and - 
agarase treatments (NEB). All were performed according to manufacturers 
instructions. 
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2.3.8 Determination of the sequence of DNA fragments 
Sequencing was performed using the chain termination method (Sanger et al., 
1977). Both "manual" sequencing using the Sequenase 2.0 kit (USB), and 
"automated" sequencing using the ABI cycle sequencing kit (ABI 401113) were used. 
2.3.8.1 Sequenase 
All sequencing by this method was performed on double stranded plasmid 
template, produced using the CsC1 method as described. Between 2J.tg and 6jig of 
template was used per reaction, dissolved in 8p1 of H 20. Denaturation was performed 
by the addition of 2p1  2M NaOH, followed by a 5 minute incubation at room 
temperature. The DNA was then precipitated by addition of 3xl 3M sodium acetate, 
7Ltl H20, 60i.i.l of 100% ethanol. Samples were then placed -70 0C for 15 minutes (or 
longer), and then spun for 15 minutes at 14,000 rpm. The fluid was then poured off, 
and drying completed using a paper tissue, or air drying as appropriate. DNA was 
resuspended in 7j.tI of H 20. 
Annealing was performed by the addition of 2 pmoles of primer in lj.tl H 20, 
and 2tl of Sequenase reaction buffer. Samples were heated to 650C for 5 minutes and 
then allowed to cool to room temperature. 
Reaction mix was prepared as follows 
0.1MDTT 	ljil 
dGTP labelling mix 0.4pJ 
[a-35S] dATP 	0.5jfl 
H20 	 3.35g1 
Sequenase 	0.25gl  
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[(X_35 S]dATP: Amersham 37.0 Mbq 1.00 mCi; l0tCij.ir' 
To this was added the annealed template, and incubated at 42 0C for 5 minutes. 
3.5pJ of this mix was then added to 2.5p1 of ddNTP terminators, and incubated for a 
further 5 minutes. Finally 4pi of STOP solution was added. 
Gels were run using the Bio-Rad sequencing system. Plates were cleaned with 
commercial cream cleaner, thoroughly rinsed with H 20, and wiped with 70% ethanol. 
The rear plate was treated with di-chloro dimethylsilane (BDH, 63216 4J). Wedge 
spacers were inserted and the apparatus assembled. The end of the apparatus was 
sealed using 15 ml of acrylimide ( 6% w/v, 19:1 "Sequi-gel", Severn Biotech), 240 p1 
10% Ammonium persulphate (APS, Sigma A-9164), 60 jil TEMED (N,N,N',N'-
tetramethylethylenediamine, Sigma A-8133). Once this was set the gel itself was 
poured using 70 ml of acrylimide, 560 p1 10% APS, 28g1 TEMED. The comb was 
inserted upside down, to ensure a even interface, and the gel left to set (1 hour or 
overnight). The gel was then placed in the electrophoresis tank, which was then filled 
with 11 of lx TBE, and the comb carefully removed. Gels were pre-warmed at 60 W 
constant power, to 60 0C. The comb was then re-inserted in the correct orientation, 
the wells flushed with buffer, and denatured samples (5 minutes at 950C) were loaded. 
Gels were run at 60 W (to maintain a constant 60 °C. Lower power was used at high 
ambient temperatures). If required a second loading was performed after 
approximately 4 hours. In this case the buffer was emptied and replaced with fresh 
pre-warmed buffer. Once run the gel was transferred to Whatmann 3MM paper, 
covered with Saran Wrap, and dried on a vacuum gel drier for 1 hour. Gels were 
exposed either to X-ray film (Kodak) or Molecular Dynamics phosphoimager 
cassettes. Final images were processed either by hand, or using Molecular Dynamics 
Image Quant software. 
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2.3.8.2 ABI 
Fluorescent dye sequencing was performed on both plasmid prepared by the 
CsC1 method described, or directly on PCR products. Only "clean" PCR products 
(those showing a discrete band on an agarose gel) were used. These were 
subsequently prepared using the Bio-Rad "prep-a-gene" resin, or Qiagen "Qiaquik 
PCR purification" kits, according to manufacturers instructions. 
Sequencing was performed by mixing 100 ng (PCR product) or 1 tg (plasmid) 
DNA, in 1J.I1 H20, with 3.2 pmoles of primer, in 4jil H 20, with 8j.tl ABI dye-
terminator mix. Whilst the dye-terminator chemistry is reported to give poorer results 
than dye-primer based chemistry, it can be used with any primer, and uses a single 
tube which makes it the more convenient of the two chemistries. Reactions were 
carried out in a Perkin-Elmer PCR machine using the following program:- 94 0C, 30 
seconds, 500C 15 seconds, 600C 4 minutes, for 25 cycles. 
Reactions were then run on an ABI 373 machine, and analysed using the 
manufacturers software. 
2.3.9 Bacterial transformation 
Competent cells were prepared as follows. 11 of pre-warmed LB (tetracycline 
was usually added to this media, to prevent contamination) was inoculated with 1 ml 
of overnight culture. Cells were grown at 37 0C, until an OD600 of 0.5-1.0 was reached 
(usually about 4 hours). The flask was then chilled for 30 minutes on ice. Cells were 
harvested (10 minutes, 8000 rpm, in a Sorvall GS3 rotor). Cells were washed with 11 
cold sterile H 20, then harvested again, and washed with 0.51 H 20. Finally cells were 
resuspended in 2 ml of 10% glycerol (smaller volumes were used, when cells with 
especially high transformation efficiencies were required). Cells were aliquoted into 
eppendorf tubes (usually 160pJ per tube) snap-frozen on liquid N 2, and stored at - 
700C. Cells prepared in this way were viable for at least a year, but were usually used 
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with 3 months, as transformation efficiencies decrease after this time. Cells were 
usually tested for transformation efficiency using plasmid of known concentration. 
Transformation was then performed using Bio-Rad "Gene Pulser" equipment. 
1 -2jil of DNA was dialysed against H20, and then placed in ice-cold 0.2 cm 
electroporation cuvette. 50 jil cells were then defrosted on ice, and added to these 
cuvettes. Cuvettes were then pulsed with settings at 25pF, 200 Q, 2.5 kV. 
Immediately 1 ml of ice-cold LB (non-selective) was added. Cells were allowed to 
recover for 1 hour at 37 0C and then plated onto appropriate media (usually L-agar, 
plus ampicillin). 
2.3.10 Hybridisation to immobilised DNA 
The hybridisation of radiolabelled "probe" DNA to DNA immobilised on a 
filter is known as "Southern blotting" (Southern, 1975). The specific procedure used 
for the work in this thesis is as follows. 
Blotting 
DNA was digested, on run on agarose gel as described. Following 
electrophoresis the gel was removed from the running buffer, and denatured for 15-20 
minutes in denaturing buffer (150 ml SM NaOH, SO ml 5M NaCl, plus H 20 to 500 
ml). Completion of this step could be seen by a colour change in the electrophoretic 
marker dyes. 
The gel was then washed three times for approximately 10 minutes in 500 ml 
transfer buffer made freshly from 40x stock (105g NaH 2 .2H20, 44g Na2H, made to 11 
with H20). Blotting apparatus was assembled as follows. A electrophoresis tray was 
placed upside down in an oven dish. A wick made of Whatmann 3MM was used to 
wrapped around the tray, so that it touched the bottom of the dish. On top of this was 
placed, a square of Whatmann 17 Chr paper cut to the approximate size of the gel. 
The gel was then placed upside down on this paper. A fresh sheet of "Genescreen" 
(NEN research products, Du Pont NEF-983) nylon membrane was pre-wetted and 
placed carefully on top of the gel, followed by a second sheet of pre-wet 17 Chr. 
Transfer buffer was then poured into the dish (about 500 ml was usually found to be 
sufficient). The dish was sealed to prevent evaporative loss. An absorbant material 
was layered on top, which was then weighted down to ensure stability. Blotting was 
allowed to proceed over-night. 
After this time the apparatus was disassembled, and the filter carefully 
removed, and rinsed transfer buffer, and placed on a clean sheet of Whatmann 3MM. 
This was then placed (DNA side up) into a Bio-Rad GS Gene Linker and exposed to 
UV light (150 mi, program C3). The filter was then baked for 30 minutes at 60 0C. 
Both of these procedures are designed to permanently immobilise the DNA to the 
filter. The dried filter was then stored between sheets of 3MM for further 
manipulation. 
Random Priming 
Radio-labelling of DNA was performed after the method of Feinberg and 
Vogelstein (1983). Essentially DNA is replicated by the Klenow fragment of DNA 
polymerase I, using random hexamer primers. The Boehringer Mannheim "High 
Prime" kit was used. This carries all of the components required for extension except 
radio-nucleotide. Reactions were performed as follows. 13tl of template (between 10 
and 25 ng of DNA) were boiled for 5 minutes, and then placed on ice. To the lid of 
this tube was added 4Rl  of High Prime mix, and 3jil of 
[a32  PIdCTP. The reaction was 
started by a short centrifugation, and allowed to continue for 10-30 minutes at 37 0C. 
After this time the incorporation of radio-nucleotide was checked by spotting 
a small amount of probe onto a Whatmann GFIB glass fibre disk. This was then 
placed onto a vacuum surface, and washed with 5% Tricholoracetic acid. The count 
rate of the disk before and after washing provides a rough estimation of incorporation. 
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Finally the probe was separated from unincorporated dNTP's by passage 
through a sephadex size-exclusion column. The commercially available G 1 Nick 
column (Pharmacia) were used for this purpose. These were washed first with 1 ml of 
TE. Then the probe.was added and washed with 300 jil of TE, which was allowed to 
drain for the column. Finally probe was eluted in 500 ml of TE, and the probe checked 
for radioactivity. The column was finally washed with several ml of TE, prior to 
further decontamination. 
Hybridisation 
Hybridisation was performed both in heat-sealable bags, and commercial 
hybridisation bottles. The same technique was used for both, although smaller 
volumes of hybridisation buffer were needed for the latter. 
Filters were pre-hybridised in approximately 10 ml of Church and Gilbert 
solution (7%SDS, 500 mM Sodium Phosphate pH 7.2, 1 mM EDTA, 1 % BSA) at 
65°C for at least 30 minutes. After this time the probe prepared as described was 
boiled for 5 minutes, and injected into to the bottle/bag with a disposable pipette tip. 
The bottle/bag was then placed at 65 0C and agitated overnight. 
Filters where then washed twice in 0.2x SSC, 0.1% SDS for 15 minutes at 
65°C. These washes were performed either in hybridisation bottles, or plastic trays. 
Finally the washed filter was lightly dried on filter paper, and whilst still damp sealed 
in a vacuum sealing bag. 
Stripping 
Filters were stripped by placing them in boiling water made to 0.5% SDS, and 
then left to cool to room temperature. The damp filter was then removed, and re-
hybridised as above. 
Colony hybridisation 
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As well as hybridisation to DNA which has been run on electrophoretic gels, it 
is possible to use filter hybridisation to E. Coli colonies to allow selection of 
appropriate plasmid clones. The following method after Buluwela et al., (1989) was 
found to be both convenient and effective. Hybridisation was to Hybond-N circular 
filters (Amersham). Transformant colonies were lifted by placing the filter directly 
onto the agar and then rapidly removing. Plates were then returned to incubation, 
usually only until the colonies had partially re-grown to prevent the growth of satellite 
colonies. Filters where then placed, colony side up, onto Whatmann 3MM paper, 
soaked in 2x SSC, 5% SDS, in a oven tray. This was then placed into a microwave 
(600W), and microwaved for 2-3 minutes on full power. This procedure both lyses 
the bacteria and cross-links the DNA to the filters in one step. It is therefore possible 
to proceed directly to the hybridisation. This was performed essentially as described 
earlier, although it was found that hybridisation times could be substantially reduced 
(around 1 hour was usual). 
Detection 
Filters were exposed either to X-ray film (Kodak BioMax) or phosphoimager 
cassette (Molecular Dynamics. For long exposures of X-ray film cassettes were placed 
at -70 °C. 
2.3.11 Oligonucleotide synthesis and preparation 
Most oligonucleotides were synthesised at the MRC Human Genetics Unit, by 
Agnes Gallagher, as ammonium stocks on an Applied Biosystems 381 A 
oligonucleotide synthesiser. Oligonucleotides were ethanol precipitated from 350 jil 
of the stock, and resuspended in 500 p.! TE. The concentration was then assessed by 
measuring the 0D 260 . 
As well as the "in-house" oligonucleotide service the longer oligos were 
synthesised using commercial supplies (Oswell, Genosys). 
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2.4 Resources unique to this thesis 
2.4.1 Plasmid construction details 
The plasmids used in chapter 3 were prepared and constructed according to 
the methods given in section 2.3. The plasmids were constructed or obtained as 
follows:- pREP3xEval was isolated from the pREP3x cDNA library which was a kind 
gift of C.J.Norbury, and B.Edgar (ICRF, Cell Cycle Group, Oxford). The insert from 
this plasmid was removed as a Sail, NotI fragment and then cloned into the same sites 
of pBluescript SK+ to create pC3. The plasmid pPLl was created by cloning the 
ura4 fragment from the pEN 10 (E.Nimmo pers.comm.) on Hindffl fragment and 
cloned into the same site of pBluescript SK+. The insert of pPL1 was then cut with 
Sail, filled in (see section 2.3.5), and then released with EcoRI. This fragment was 
then cloned into the EcoRI, StuI sites of pC3 creating pPL4. pPL6 was created using 
the Smal fragment from pUC 131 8Leu2, again cloned into the Stul, EcoRI (filled in) 
sites of pC3. pPL4 and pPL6 were checked both by restriction digest, and end 
sequencing. Finally pPL8 was created by cutting pC3 with Stul, and EcoRI, filling in 
the ends, and then re-circularising the vector. 
The plasmids used in chapter 4 were constructed or obtained as follows :-
pDB248x 100.1 was isolated from a genomic library made by cloning Sau3A 
fragments into the BamHI site of pDB248x and was a kind gift of Helen Causton. 
This insert was removed using Sail and EcoRI, and cloned into the same sites in 
pBluescript SK+ creating pPL2. At the time it was thought that neither of these sites 
were present in the insert. Later sequence analysis showed that this insert in fact has a 
Sail site approx 0.5 kb from the vector Sail site. This site is also present in pPL2, and 
the insert must have been transferred to pPL2 in a fortuitous partial digestion. The 
plasmid pS26 was isolated from the pSGA genomic library (Sawin and Nurse, 1996). 
The insert from this was removed by digestion with Nod, and NsiI, and then cloned 
into the pBluescript SK+ digested with NotI and PstI creating pPL3. This insert could 
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be released by Sail, and NotI digestion. To create the pPL7 plasmid, a LEU2 insert 
was prepared by digestion of pUC 131 8Leu2 with XbaI. pPL3 was digested with XbaI 
and SpeI and used as the vector to clone the LEU2 fragment. 
74 
2.4.2 Oligonucleotide sequences 
The following tables shown the primary sequences of the oligonucleotides 
which were used during the course of this thesis. 
Name Sequence Position 
hi 17 ccgatgtaaa ataaattgc 7994777 errors 
h190 gcaatttatt ttacatcgg 7774799 errors 
h591 cgcagcttca atatcaac 11 144998  99  
h592 gaagggaata gtgcttatg 119841216  
h615 cgtctcttga tagatttcg 2267 - 2249  
h772 cagtatttca actaggaagg 1479-* 1498  
h906 caacaaatgg taaataac 2029 -) 2212  
H34 caaatggtaa ataacgcc 2026-) 2209  
i203 gcatttccga atagtgaatc 1885-) 1904 errors 
i204 ccaaggtatg aatccaatg 1632-) 1650  
i205 ccttcctagt tgaaatactg 1492-) 1473  
i206 cgttgacttt ttgcatcttc 18 10-) 1789  
i217 ccctctgttg aaaatgttg 110741126 
J218 ggaatagtag caaatcga 6394622  
i219 cgtaaagtga tgagcaac 5074524  
J232 gaatacttgg gataatacgc 1089-) 1108  
i89 ggttgggatg aaaaagaag 1591 - 	 1609  
DO cggattcttt gatttgcag 1360-) 1341  
i91 ggactttttc tttccacc 9794962  
k275 cgtctcttga tagatttcg 4834502  
k276 gaaccgttta tcaaacgaag 264242662  
k909 accttgtgaa atacgaactg c 2905 -)2885  
A910 attttgtgaa gaacctgagc c 2;0542885  
Table 2-1 The primary sequences of the primers used to sequence the pREP3xEval insert. 
Positions given are relative to the transcriptional start of the full length eval gene. Additionally 
whether primers have mismatches relative to the finally determined sequence of eval is 
indicated. 
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Name Sequence Position 
1235 ccaaataagc tgtagtgcct cctctgacat ttaaagatgg -154-) -90 
cataccctaa atggtttacc tttcc 
1236 gcaaaaaatt attaaatcga ataaattgtt atgtgtcaat 2398 - 2335 
tacagattaa cttactaacg ctac 
1237 cctaaatggt ttacctttcc accacacata tcggcatact -109-) -64 
aagcggggct tagctacaaa tcccactgg  
1238 gattaactta ctaacgctac taattaagcg tttccgtcgc 2311 -)2354 
cgagtccaac accaatgttt ataacc 
Table 2-2 The primary sequence of the primers used to perform the full open reading frame 
deletion of eval. 
The position show is relative to the transcriptional start of eval and shows indicates the 
complementary region in the genomic sequence, which in the case of 1237, and 1238 is shorter 
than the total length of the oligo. 
Name Sequence Position 
j48 catctagaag tgatacttgg gagc 103 —>126  
j49 cgagattgtc tcttggtagt ttgag 374 —>350  
j457 ccaaatgatg cctgaccgat -52 —> -71 errors 
j458 gtcagtgcct cgttctcaaa g 281 —> 302  
k133 ggtgccgtta tatatgaatg 909 —* 920  
k351 catcaaagac attcagcc 1311 —> 1328  
k352 agaggctgaa tgtctttg 1328 —> 1311  
k353 cctggtcgaa atacaaac -357 —> -341  
k354 ccaatatgtc ccatgttag -475 —> -493  
k355 tacaccccat cctttttc 1023 —> 1006  
k441 tttccattaa cgctaggc 1689 —> 1672  
k442 atttcgacca ggttgttg -347 —> -365  
k443 cggtaaaaca tatcggtg 1610 —> 1672 
k546 gaagaaacaa ctgatgcc 1854-->1839  
k547 cctggtcgaa atacaaac -358 —> -341  
Table 2-3 The primary sequence of the primers used for sequencing clr4. 
Both the clr4 complementing clone, and the various alleles of c1r4 were sequenced with these 
primers. Position is given relative to the transcriptional start of clr4, and the presence of 
mismatches with the finally determined sequence is indicated. 
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2.5 Computer analysis 
Except where noted all computer analyses were performed using the facilities 
provided by the Human Genome Mapping Project Resource Centre (HGMP-RC) at 
Hinxton, Cambridge (Rysavy et al., 1992). Programs used were generally part of the 
GCG (Genetics Computer Group, 1991) ver8.0, or EGCG (Rice et al., 1995). "The 
S.pombe genome project" is currently co-ordinated at the Sanger Centre at Hinxton, 
Cambridge. Data from this project was accessed through "http://www.sanger.ac.uk/", 
and was usually retrieved using the dedicated BLAST server available through this 
address. All other database searches where performed using the BLAST server at 
HGMP-RC. 
2.5.1 Contig assembly 
Both of the gene sequences produced during the course of this thesis were 
assembled using the fragment assembly programs included with the GCG package. 
Contigs were assembled by repeated use of the GELMERGE program. It was found 
most appropriate to use this program at initially high stringency, and then reduce this 
slowly to prevent inappropriate alignment. 
2.5.2 Multiple alignments 
These were performed using the GCG Pileup program. The results displayed 
in Chapter 3 are the direct output of this program. The colour outputs in Chapter 4 
were produced using the EGCG PRETTYBOX program. As the output of this 
program is usually monochrome, it was modified by hand to produce colouration. The 
full details of this modification are available at 
"http://www.hgmp.mrc.ac.uk/manuallfaq/faq-gcg.html#How  do I change the colours 
of an alignment" 
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3 A screen and analysis of eva1 
3.1 Introduction 
In the first part of this thesis evidence was presented which suggested that the 
repetitive and heterochromatic nature of the S.pombe centromere may be necessary 
for centromere function. If this altered chromatin structure is indeed of functional 
importance, screens based around this phenotype may help to isolate components of 
the kinetochore. 
It is possible to assay the degree of transcriptional silencing of marker genes 
placed within the centromeres of S.pombe by performing a simple growth assay on 
appropriate media (Allshire et al., 1994; Allshire et al., 1995). This should allow 
design of screens for genes which affect the formation of a putative silencing complex, 
some of which will hopefully be kinetochore components. 
Of the genes initially found to affect this silencing, all were isolated due to 
pleiotropic effects at the silent mating type region (Allshire et al., 1995). Three of 
these genes, swi6, riki and c1r4 cause derepression of marker genes within the 
inverted repeat regions of ceni. They appear to have only a marginal effect within the 
central core region (site 7 in Figure 3-1). It is however this central core region which 
has been shown to be an essential part of the minimal centromere (Baum et al., 1994; 
Halverson et al., 1997). It is clear therefore that screens based on silencing in this 
region would be of particular interest. 
Perhaps the most conventional approach to the design of such a screen would 
be to perform a suppressor mutational analysis. However due to the silencing 
phenotype in the central core region this would not be possible (Section 3.2. 1) and 
only screens based on an enhancement of the silencing phenotype were practical. In 
S.cerevisiae it has been found that over-expression of SIR3 can enhance telomeric 
silencing (Renauld et al., 1993), and over-expression of either SIR2 or SIR3 can cause 
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elevated rates of chromosome loss (Braunstein et al., 1993). Conversely over-
expression of parts of SIR4 can cause disruption of this silencing. Similarly in S.pombe 
over-expression of a cDNA library has been used to isolate novel genes which cause 
elevated rates of mini-chromosome loss (Javerzat et al., 1996). This approach 
therefore seemed appropriate for isolation of novel genes which affect silencing in 
S.pombe. Additionally such a screen would complement the conditional lethal 
enhancer screen which has resulted in the isolation of three genes cep], cep2 and cep3 
(J.P.Javerzat and R.Allshire pers.comm.). 
This chapter describes the over-expression screen which resulted in the 
isolation of the eva1 gene which enhances silencing within the centromere and the 
further characterisation of this gene. 
3.2 The isolation and initial analysis of eva1 
3.2.1 The screen 
Whilst it is of interest to perform a screen to isolate genes involved in silencing 
at the centromeres in S.pombe, the phenotype is problematical. When ade6 is 
inserted into the tin region of ceni the cells appear to variegate giving rise to red, 
white, and pink colonies. The ura4 gene can also be used to demonstrate variegation 
because as well as selection for this gene, by the absence of uracil in the media, the 
drug 5-FOA (5-fluoro-orotic acid) can be used to select against its expression. In the 
presence of this drug the ura4 gene product causes production of a toxic substance 
(Boeke et al., 1984). Under these conditions variegation can be seen because cells can 
give rise to colonies on both selective and counter-selective media. Thus any screen 
looking for abolition of these phenotypes would encounter severe problems with 
growth of background colonies. It is known however that the silencing is to some 
extent temperature sensitive (Allshire et al., 1994), and at elevated temperatures 
(360C as opposed to 320C), few or no colonies are capable of forming in the presence 
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of 5-FOA, a phenotype which could be used as the basis for a screen. Enhanced 
repression of the marker gene in these circumstances would allow growth. 
It was decided to perform an over-expression screen in order to maximise the 
number of genes which could be isolated on the basis of this phenotype. In S.pombe 
the nmt (no message in thiamine) promoter has been widely used as an inducible 
promoter (Maundrell, 1990). A cDNA library using this system was already available 
in a suitable vector (a gift from B.Edgar, and C.Norbury, ICRF, Cell Cycle Group, 
Oxford). 
In order to minimise background a strain was constructed with a ura4 gene 
within the central cores of both cen2, and cen3. To minimise the recovery of genes 
which might affect the transcription of ura4 only, an ade6 gene was also inserted 
into ceni. Cells with enhanced silencing at the centromere therefore form 5-FOA 
resistant, red colonies. 
It should be noted that this methodology is limited to cDNAs that would not 
be lethal for the cell in high copy. This problem may be particularly severe in this case 
because the nmt promoter appears to be very strong (Maundrell, 1990; Forsburg, 
1993). It would be possible to minimise this problem by the use of modified versions 
of nmt currently available which, whilst still being inducible, show much lowered 
levels of expression (Basi et al., 1993; Maundrell, 1993). In addition, allowing only a 
small period of expression might allow the recovery of genes which would be lethal 
when over-expressed permanently. 
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REPRESSED REPRESSED REGION 
Minimal Functional ceni lys 1 
4- 
ceni 
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Figure 3-1 A diagrammatic representation of ceni. 
The minimal region which provides centromere function is indicated. The sites where a ura4+, and in some cases an ade6+ marker gene 
has been inserted are arrowed and arbitrarily numbered. Those sites just outside (1 and 2) and inside the centromere (sites 7 and 11) where 
little or no repression is seen are indicated by open arrows. The naming scheme for the repeats is after Takahashi et al., and the tRNA genes 
found in the imr's are indicated by lines. 
3.2.2 Initial analysis of the cDNAs isolated from the screen 
A schematic representation of the screen (performed by R.Allshire) is shown 
in Figure 3-2. Of the cDNAs recovered from the screen, five appeared to have the 
strongest phenotype on re-transformation (R.Allshire pers.comm.). I re-tested these 
five strains to confirm that they reproducibly caused this phenotype (data not shown). 
These cDNAs were then end-sequenced from primers within the nmt promoter. Of 
these five, three (eva], eva2, and eva5) appeared to contain identical inserts. The 
eva3 plasmid appeared to be highly re-arranged as sequence analysis showed it to 
start with a long polyT tract. For this reason it was not investigated further. Finally 
the eva]] plasmid contains a gene homologous to both rat and human small 
ribonuclear associated protein's. Although not available at the time, this gene has now 
been sequenced in its entirety by the S.pombe genome project (accession number 
Q10163) which confirms the initial identification (see Figure 3-3 and Table 3-
1)(VanDam et al., 1989). Whilst the precise function of these genes is uncertain, it is 
probable that they are involved in RNA splicing. It seems likely therefore that eva]] 
exerts its effects through a secondary gene, which may be spliced incorrectly due to 
over-expression. This putative secondary gene would itself be of interest due to its 
phenotype. It might be possible to isolate this gene by screening for mutations which 
specifically suppress the effects of pREP3xEva1 1. It was decided to continue 
investigation only with eva] however as this was the best candidate for a novel gene 
directly involved in centromere function at this stage. 
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Figure 3-2 A schematic representation of the screen used to isolate the eval gene. 
shows a map of the pREP3x library plasmid. Only sites in the poly-linker are 
shown. 
shows short details of the screen. 
Evall 	54 gggcacgancaaaatggtttctttactaaaccattctttgaacgtaacgacgaaggatgg 113 
11111111 	1111111111111111111111 	II 	liii 	11111 	11111111111 	I 
Cosmid 13014 gggcacgacaaaaatggtttctttactaaaccattctttgaacgtaacgacgaaggatgg 13073 
Evall 	114 aagaacatttgtaggccagttacttgcttttgatggatttatgaatcttgttttgagtga 173 
11111111 	111111 	III 	liii 	111111111 	111111111 	11111111111 	liii 
Cosmid 13074 aagaacatttgtaggccagttacttgcttttgatggatttatgaatcttgttttgagtga 13133 
Evall 	174 ttgccaggaatatcgccatataaaaatgc - aaacgtncctagcaactccgtatacgaga 231 
Cosmid 13134 ttgccaggaatatcgccatataaaaaagcaaaacgtccctagcaactccgtatacgaaga 13193 
Evall 	232 aaancncatgcttggactcgtcattcttcgtggtgagtttattgtttctctttccgttca 291 
II 	II H 	I! 	 II 	I! 	HI 	I 	I 	I 
Cosmid 13194 aaagcgcatgcttggactcgtcattcttcgtggtgagtttattgtttctctttccgttca 13253 
Evall 	292 aggaccacctcccatggatccttctatgcgtggtagtttattgagtgg- - cgggtgtcgc 349 
II 	II 	11111 	1111111111111111111111111111 	III 	I 1111111111 
Cosmid 13254 aggaccacctcccatggatccttctatgcgtggtagtttattgagtgggccgggtgtcgc 13313 
Evall 	350 cagacctgctggtcgtggtattcctcttggtcaagcgcccgtt-gtttngcaggacctgt 408 
I 	II 	I 	I 	I 	I II 	I 	I 	I 	I 	II 
Cosmid 13314 cagacctgctggtcgtggtattcctcttggtcaagcgcccgttggtttggcaggacctgt 13373 
Evall 	409 gcgag 413 
11111 
Cosmid 13374 gcgag 13378 
Figure 3-3 The evall gene has been previously sequenced 
A BLAST database search was performed on a single pass sequence from pREP3xEva11. 
The alignment shown is with a S.pombe genomic cosmid (accession number z69240) 
between bases 13014 and 13378. 
Accession Name Score Prob. Ref. 
Number 
Q15182 snRNP Polypeptide B 45.7 le-12 Ohosone et al., 1989 
Q63747 Rat snRNP Associated 45.3 6e-12 Schmauss and Lerner, 
Polypeptide  1990 
Q05856 Small Nuclear 50.1 6e-12 Brunet et al., 1993 
Ribonucleoprotein 
Associated Protein 
X16163 SMB/ B' Autoimmune 40.9 Se-il Sharpe et al., 1989 
Antigen(Fragment)  
Q42343 snRNP (Fragment) 37.2 2e-05  
Q29310 Small Nuclear 43.1 5e-04 Wmtero et al., 1996 
Ribonucleoprotein 
Associated Protein 
Table 3-1 Results of a BLAST search with the putative evall protein 
A BLAST database search of the protein sequence of evall determined from S.pombe 
genome sequence (accession number Q10163) was performed against TREMBL. The 
most significant five matches with a suggested function are shown. 
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3.3 The over-expression phenotype of pREP3xEval 
The over-expression phenotype of pREP3xEval had initially been tested using 
a strain with two ura4 genes inserted in cen2 and cen3. It was therefore unclear 
whether this phenotype was the result of alterations in expression levels of marker 
genes within one or all of these centromeres. To test between these two alternatives, 
strains containing a single ura4 gene within the central core region of each of the 
three centromeres were transformed with pREP3xEval, and growth assays 
performed. In addition all cells were plated onto selective media (not containing any 
uracil), to determine if the enhanced silencing phenotype could cause a measurable 
growth defect under these conditions. Results are shown in Figure 3-4. Those strains 
transformed with pREP3xEval (lanes 6, 8 and 10) outgrow those transformed with 
vector alone (lanes 5, 7 and 9) on plates containing 5-FOA which is counter-selective 
for the ura4 gene product. This effect is seen only in the absence of thiamine. These 
results show that strains with a ura4 marker inserted in any of the three central core 
regions are capable of enhanced growth on counter selective media only under 
conditions where the pREP3xEval plasmid is capable of over-expression. This 
suggests that over-expression from this plasmid is capable of enhancing silencing 
within the central core of all three centromeres. 
As well as the central core region of the centromeres there are a number of 
other sites within the centromeres which are silenced. It was therefore of interest to 
see whether pREP3xEval over-expression could affect these sites. Strains containing 
ura4 markers at these locations were transformed with pREP3xEval and growth 
assays again performed. Many of the sites within ceni are already highly repressed 
and it seemed unlikely that any enhancement of silencing would be phenotypically 
apparent at these sites. However site 7 (see Figure 3-1) which is near two tRNA 
genes in imrlL, and site 2 which is just outside the centromere show very low levels 
of repression. It was of interest to see whether transcriptionally silent chromatin could 
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"spread" into these regions. Results are shown in Figure 3-5A. In these cases strains 
transformed with pREP3xEval(lanes 4 and 6) grew to a similar extent as controls 
(lanes 3 and 5). Several other sites within ceni were also tested but no effect of over-
expression of pREP3xEval was apparent (data not shown). From these data it would 
appear that enhancement of silencing was only seen within the central core region of 
ceni. 
The telomeres of S.pombe also cause transcriptional silencing (Alishire et al., 
1995). Similar experiments were performed to see if pREP3xEval could affect 
silencing near the telomeres. Two strains were transformed (both with ura4 
integrated close to a telomere but with the ura4 marker in different orientations) and 
growth assays performed (Figure 3-5B). Again strains transformed with pREP3xEval 
(lanes 4 and 6) show similar growth to controls (lanes 3 and 5), suggesting that no 
enhancement of silencing occurs at the telomeres. 
Therefore is seems that pREP3xEval over-expression causes increased 
silencing only within the central core regions of the centromeres. As this region is an 
essential part of the minimal centromere this specificity of action is of particular 
interest. however it should be noted that many of the other sites within ceni are 
highly repressed. The absence of a enhancement of an already severe phenotype in 
these strains associated with pREP3xEval does not necessarily imply an absence of 
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Figure 3-4 The effect of expression from the pREP3xEval plasmid on silencing within 
the central core regions of the three centromeres. 
The location of the ura4+ gene is shown according (see Figure 3-1), as is the presence or 
absence of the pREP3xEval plasmid. Strains were grown overnight non-selectively, and then 
transformed with appropriate plasmid by the lithium acetate procedure described in materials 
and methods. Transformed cells were then grown in liquid media selective only for the LEU2 
gene, carried by the plasmid and containing 2M thiamine for a further 3 days. These cultures 
were diluted approximately 100 fold, and grown for a further 16 hours in fresh selective media 
containing no thiamine. Growth assays were performed as described in materials and methods 
on non-selective media, and media selective for and against the ura4+ gene. 
Lane 1 contains wild type cells strain 972. Lane 2 contains FY367 transformed with pREP3x. 
Lanes 3 and 4 contain FY285 transformed with pREP3x and pREP3x Eval respectively. Lanes 
5 and 6 contain FY312 transformed as lanes 3 and 4. Lanes 7 and 8 contain FY412 transformed 
as lanes 3 and 4. Lanes 9 and 10 contain FY412 transformed as lanes 3 and 4. Lanes 11 and 
12 contain FY445 transformed as lanes 3 and 4. Lane 13 contains FY367 transformed with 
pREP3x-tubulm, which is lethal when over-expressed and represents a control for nmt induction 
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Figure 3-5 The effect of expression from the pREP3xEval plasmid of silencing on 
other regions of the centromere (part A), and telomeres (part B). 
The location of the ura4+ marker is indicated (see for centromeric sites), as is the 
presence or absence of pREP3xEval. Part A shows the effects of pREP3xEval on 
ura4+ inserted at sites outside the central core regions. Lane 1 contains 972, lane 2 
contains FY367, lanes 3 and 4 contain FY525 transformed with pREP3x and pREP3xEval 
respectively and lanes 5 and 6 contain FY937 transformed as lanes 3 and 4. Part B 
shows the effects on ura4+ genes inserted near the telomeres. Lane 1 contains 972, 
lane 2 contains FY106 (a ura4— strain), lanes 3 and 4 contain FY566 transformed with 
pREP3x and pREP3xEval respectively, and lanes 5 and 6 contain FY 568 transformed 
as lanes 3 and 4. These experiments were performed as those described in, although 
all the media used for Part B was selective for the presence of the mini-chromosome 
carrying the telomeric ura4+ gene. 
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3.4 The sequence of the eva1 gene 
To facilitate the sequencing of the pREP3xEval insert, it was removed from 
the pREP3x backbone, and cloned into pBluescript creating pC3. Sequencing was 
then performed by a primer walk from the 5' end of the gene. Sequencing was 
performed on both strands, except for —50 bp at the 3' end of the gene. This was 
because of a —70 bp polyCT between the polyA tail and the cloning site of pREP3x. 
The origin of these sequences is unknown. Whilst sequence runs from 3' vector 
primers could extend through this and the polyA tail, the sequence obtained 
downstream of the polyA tail in the cDNA was of poor quality both by manual and 
automated methods presumably due to a combination of polymerase "stuterring" 
(giving rise to multiple stops), and ddNTP depletion. 
Shortly after the completion of sequencing of the pREP3xEva1 insert, 
sequence database searches using a variety of search facilities (see section 2.5) 
identified matching sequences released by the S.pombe genome project. These 
sequences showed 100% identity to pREP3xEval insert (with the exception of a 
single mismatch. This was outside the open reading frame, in the 50 bp region 
sequenced in only one direction, and therefore probably indicates a sequencing error 
on my part). The sequence in the sequence databases was split between two cosmids, 
SPAC22E12 (accession no. Z70043), and SPAC2E12 (accession no. Z69726). The 
full sequence of eva] was compiled by concatenating sequence from these two 
cosmids. The resultant protein sequence is now available in the appropriate databases, 
as fragments with accession numbers Q10369 and Q10226, for the N and C terminal 
fragments respectively. 
The complete cosmid sequence was used to predict the sizes of genomic 
fragments resulting from digestion with a variety of different enzymes, and compared 
with a genomic southern blot, using the pREP3xEval insert as a probe. The results of 
this blot are shown in Figure 3-6 and confirm that the genomic organisation of this 
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region is as predicted by the genome project. All of the sequence analysis which 
follows was therefore performed on the full length sequence of the eval gene, rather 
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Enzyme Predicted fragments (bp's) 
BamH! 13887 
Dra! 2828 
EcoRl 4552 589 
Hind!!! 1834 1696 	383 
Sal! 9270 
Stu! 17343 1 3294 
SpeL 5572 
Xba! 7379 
Xho! 168182 2926 
Only 180bps overlap with probe predicted 
2 Only 14 1bps overlap with probe predicted 
Figure 3-6 A genomic blot confirming that the organisation of the eval gene is 
as predicted by the S.pombe sequencing project 
Genomic DNA was prepared from wild-type cells, digested with the enzyme shown, 
and run on a 0.8% agarose gel. Blotting and probing was then performed as described 
in materials and methods. This blots was then probed with the insert of pREP3xEval. 
The predicted sizes given are based on the sequence obtained from EMBL (see text 
for details), and were calculated using the GCG program MAPSORT. 
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1 MDLTTPEVAE HPDVLRNMSR YTLGLLPSEP PVGDMNNEDS DTNTSITQSP 
51 TNSEKLTDIL QESQDTKALQ EKYLQNIYAL TQNQLFKNVE DYSFYNLNRE 
101 KFQRDKQTIV GVMRKRRHVL NKKIKRLQSH WKQVLGRWEE NIARVDRLTE 
151 IDKTKNAKKS EPFIKRSTRK VMSNFTAGDI VRSEEEFLEI LAKLEQQEKE 
201 ASNVSEASRI ATIPPMILSE EEVKSQYFND QSRLVTDCPK FYHFQSMPDI 
251 WNEEQHSIFV QQFILHGKKF GKIAEAVPGK NSKECVLHYY LTKRTTDYRA 
301 LVASATKTKG RRRKKLLPSQ RGGKKKSKGS ALMVDIEAAD INKTEENINN 
351 QFQEASVTAD NMNTWDNTPS VENVESANEN VNNHNADEQM DEKIKSLVEG 
401 NSAYEIEKGA QEPDPMSIDM TDKSETVSGF KHDVDVYDTA ENEGNNTLLQ 
451 IKESVHEKTP TQDEPMDISQ DTIKQEDYYE PKLEQHSSSK RNSISTRKEE 
501 DAASALANLS AVGRSISAVD ESAHQGHLPG WDEKEEALIF SLAQGMNPMK 
551 MPLTPRRAST GPRPRPTFQL TEIDSPNRRR ASDCITPSIS KILKMVSEDA 
601 KSQRIDELSV EDQEHTTHSS HTTSDINAFP NSQSFPRASI HTLAALGEDI 
651 VERQSKNDKI 
D 	 XSt 	H 	H 	 E 	ED SaH 
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Figure 3-7 The peptide sequence of the eval gene, and a map showing the genomic 
region 
The peptide sequence was produced by concatenating 010369 and Q10226. The map 
was created by hand using data produced by the GCG MAPSORT program. Only those 
restriction sites used in the analysis in this chapter are shown. 
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3.4.1 The eva1 gene contains homologies to the SANT domain. 
In order to find potential homologs for eva], a BLAST search was performed 
with full length predicted peptide sequence. Selected results of this search are shown 
in Table 3-2. The highest scoring match (P(N) of 1016)  was to the Nuclear Co-
repressor (N-CoR) from mouse (Horlein et al., 1995). Direct examination of the 
sequence alignments show that most of the homology lies in one small region of eva1 
(aa's 250-310), with 25% protein sequence identity and 45% similarity in this region. 
Further database searches with this region alone suggested that this region is 
homologous to the recently described SANT domain, a domain which in turn shows 
significant homology to the c-myb, DNA binding domain (DBD) and the "telobox" 
(Bilaud et al., 1996). A multiple sequence alignment was therefore performed with 
this domain, the results of which are shown in Figure 3-8.This confirms that eva1 
appears to be most closely related to the SANT domain, rather than the telobox, or c-
myb DBD. That there is only one copy of this domain rather than the 3 usually found 
in c-myb DBD's confirms this conclusion. 
As well as the homology within the SANT domain, eva] shows significant 
though weaker homology to two other regions of N-CoR previously defined as 
interacting with mSin3p (Heinzel et al., 1997). The arrangement of these domains is 
shown diagrammatically in Figure 3-9. Also shown are the definitive members of the 
SANT domain family (SWI3, ADA2, TFII[B), the c-myb DBD, and myb-like domain 
of RAP]. 
At the current time no function has been described for the SANT domain, although 
many of the genes with a SANT domain are transcriptional co-activators or co-repressors. 
By searching the S.pombe sequence database with the N-CoR sequence it appears that 
eva1 is currently the best scoring match, and therefore represents the best available 
candidate as a homolog for this gene. Interestingly, a putative homolog of SIN3 does exist 
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in S.pombe which potentially may interact with eva] given the homology of the latter to 
the interacting domains of N-CoR (K.Ekwall pers.comm.) 
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Accession Sequence Score Prob Reference 
S60254 nuclear receptor co-repressor N- 167 9.2e- 17 Horlein et al., 1995 
CoR - mouse  
S15053 Hypothetical protein YCR033w. 88 2.4e-06 Wicksteed et al., 1991 
S. cerevisiae 
P34127 myb-like protein (Fragment) 74 0.066 Stober-Grasser et al., 
1992 
P51960 myb-related protein myb-A 59 0.55 Trauth et al., 1994, 
Mettus et al., 1994 
Q92922 Swi/Snf complex BAF155. 65 0.54 Wang et al., 1996 
Human 
Table 3-2 Selected results of a BLAST search performed with the eval sequence. 
A BLAST search was performed as described in materials and methods. Not all sequences 
matches are shown due to the many matches with sequences of unknown function. 
1 	 70 
VDNMTQD DAXR?AXGIK QLGKN ..... .?SRIHRELL P... HHSREQ LVSYYYLWKK TPEAPXPK.. 
?PDEWTVE DKVLFEQAPS FHGRT ..... .FHRIQ . QML P... DKSIAS LVK?YYSWKK TRTKTSVM.. 
.DIWNEE QHSIPVQQFI LHGKK ..... .PGKIAEAVP G .... KNSKE CVLHYYLTKR T?DYRALVA. 
.SDNPDH EHSLFLEGYL IHPKK ..... .FCKISHYMG C ... LRSPEE CVLHYYRTER TVNYKQLL.. 
.FMNVWTDH EKEIPEDEPI QHPKN ..... .FCLIASYL. E ... RKSVPD CVLYYYLTKK NEHYKALV.. 
LEEWSPE ERSLFRSRQA DHVKI ..... . PHCLTEPFV D.... KTASD LVLFYYMNKR TEDYKKDFK. 
• . ETSRWTEE EMEVAIU(CLV EHCRN ..... .WAAIAK . MV C... PKSEAQ CKN?YFNYRR RHNLDHLL.. 
.CNARWTTE EQLLAVQAIR KYGRD......PQAISD.VI C ... HESVVQ VKNFFVHYRR RFNIDEVL.. 
.TDPWTVE EI4IKFYRALS MWGTD......FHLISQ.LY P ... YRSRKQ VRAKFVNEEK KRPIIIELA. 
.HRTSYWSVR ESQLFPELLK E?CSQ ..... .WSLISE.KL G ... TKS11H VRNYYQRNAA RNGWKLL... 
• . . RRAWSPD EVCAPHDGIK LHGKD ..... .PDSVVKFMA KRRMEKTEDH VKT??FNSAI( AYRSL..... 
.QCFTAWTKR DFNQFIKANE KYCRD ..... DIDNIARD.. . .VEGKTPEE VIEYHAVFWE RCTELQDIE. 
.QSV'rDWTIcR EFQQ?VRCHE KYGRE .....DLESIAXE.. . .ME.RPLEE IQSYAXVFWE RIEELQDSE. 
CWTEQ ETLLLLEALE MYE.D ..... DWNKVSEH.. . .VCSRTQDE CILHFLRLPI EDPYLENSD. 
• IDEHWSKE DLQKLLKGIQ EFG.A ..... DWYKVAXN.. . .VGNKSPEQ CILRFLQLPI EDKFLYGD.. 
.CPDWGAD EELQLIKGAQ TLGLG .....NWQDIADH.. . .IGSRGKEE VKEHYLKYYI. ESKYYPIPD. 
WTEE EDRIIYEAHK RLGNRWA ... ... EIAKL.. • .LPGRTDNS IKNHWNSTMR RKVEQEG... 
SW?EE EDRIIYQAMK RLGHRWA ... ... EIAKL.. . .LPCRTDNA IKNHWNSTMR REVEQEGYL. 
.ASFTDE EDEFILDVVR KHPTRRTTHT LYDEISHY.. . .VPNHTGHS IRSRFRVYLS KRL....... 
WTKE EDQRVIELVQ KYCPKR.....WSLIARH.. . .LKGRIGKQ CRERWHHHLH PEVXKSS... 
PWTKE EDQRVIELVQ KYGPKR.....WSVIAEH.. . .LKCRICKQ CRERWHNHLH PEVRKTSWT. 
WTRD EDDKLKKLVE QHGTDD .....WTLIASH.. . .LQNRSDFQ CQHRWQKVLH PELIKGP... 
HLGKYRWTRE EDEKLKKLVE QNGTDD .....WEVIANY.. . . t.PNRTDVQ CQHRWQKVLN PELIKCP... 
• .GAWKNT EDEILKAAVS KYGKNQ.....WARISSL.. . .LVRKTPKQ CKARWYEWID PSIKKTEWS. 
.QKWTVE ESEWVKAGVQ KYGEGH .....WAAISKNY. .PFVNRTAVM IKDRWRTMKR LGMN ...... 
KWTDE EENELYEMIS QHCCCWSKII HIQKLEN... GPLKTFCPTQ IKDKARL.IK AR?MKQHRLQ 
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Figure 3-8 A multiple domain lineup including the SANT domain of eval 
The multiple domain lineup shown in A) was produced using the GCG PILEUP 
program. The tree shown in B) was produced using DISTANCES, and subsidiary 
programs, with distance correction after Kimura. Those sequences previously defined 
as SANT domains (Aasland and Stewart, 1995) appear clustered in the top half of 
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• SANT domain (this thesis and Aasland et al 1996) 
ED SIN3 interacting domain (Heinzel eta! 1997) 
• Repression domain (Heinzel et a! 1997) 
myb DNA-binding domain (Luscher and Eisenmann 1990) 
myb-like domain (Bilaud et al 1996) 
• Similar to SIN3 interacting domains (this thesis) 
Partial Leucine zipper (Triech and Carlson 1997) 
• Cysteine rich region (Berger et a! 1992) 
• Homologous to rat PGM (Berger et al 1992) 
DNA binding domain (Konig et a! 1996) 
• Transactivation domain (Luscher and Eisenmann 1990) 
• Negative regulation domain (Luscher and Eisenmann 1990) 
Figure 3-9 A diagrammatic representation of the domain organisation of eval in 
comparison to other proteins with homologous domains. 
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3.5 Deletion of the eva1 gene 
3.5.1 Initial attempts using plasmid constructs 
In order to disrupt the eva1 open reading frame two constructs were 
created:- pPL4 and pPL6, carrying a S.cerevisiae LEU2, and S.pombe ura4 marker 
respectively. In both cases a StuI and EcoRI site unique to the insert of pREP3xEval 
were used to digest pC3 (for location of these sites with respect to the open reading 
frame see Figure 3.7). The marker genes were inserted into these sites using blunt-end 
cloning (see Section 2.4.1 for full details). 
The insert of pPL4 was prepared by digestion and gel purification, and then 
transformed into a freshly isolated diploid strain. Transformant colonies were then 
subjected to the individual stability test as described in Section 2.2.8.1. Of 350 
colonies that were tested 5 were shown to be stable integrants. These colonies were 
tested by PCR directly from yeast colonies with primers K910, which primes about 
500 bp from the 3' end of eva] and E385 which primes within ura4. None of these 
colonies appeared to be deletions of eva] (data not shown). 
Although the rate of integration varies between different plasmids, it is 
surprising that there were no homologous integrants in 350 colonies. It seemed 
possible therefore that the eva] genomic locus is a recombinational "cold-spot", that 
is unusually intransigent to recombination as is for instance seen at the mat3 locus in 
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Figure 3-10 Homologous integration of pREP3xEval has occurred. 
Genomic DNA was prepared from wild type cells, and four diploids selected for 
stability of the LEU2 marker. DNA was digested with Sail, run on a 0.8% agarose 
gel, blotted and probed as described in materials and methods. The insert of pREP3xEval 
was used as a probe. The appearance of a 2 kb band, and an increase in size of the 
wild-type band was diagnostic for homologous integration. A diagrammatic 
representation of the genomic region, Sail sites, and location of the probe is also 
shown. 
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In order to test the hypothesis that eva] locus is in a "cold-spot", 
pREP3xEva1 was linearised using StuI and transformed into a diploid. The 
transformant cells were subjected to a colony based stability test (section 2.2.8.2). 
Approximately 1000 colonies were tested. From these 10 stable integrants were 
picked and tested initially via colony-PCR (data not shown) and then four were 
subjected to Southern analysis (Figure 3-10). A Sail site in the pREP3x polylinker 
provided a convenient assay for integration resulting in the appearance of a predicted 
2 kb band as well as a small increase in the size of the wild-type band. These results 
are consistent with a homologous integration event into the eva] locus, in all cases. 
The first of these stable pREP3xEva1 integrants was named FY20 11 
Whilst the rates of integration were assayed by different methods, making 
direct comparison difficult the colony based stability test tends to produce false 
negative results. From the 1% integration rate observed it would appear however that 
there is no evidence of a recombinatorial "cold-spot" at the eva] locus. The low level 
of total integration of pPL4 and pPL6 meant that selection of a homologous integrant 
was extremely difficult, potentially requiring impracticably large numbers of individual 
stability tests. It was decided therefore to transform the diploid FY20 11 with pPL4. 
The duplication created by pREP3xEva1 means that there would now be four possible 
ways in which this construct could integrate homologously. If the integration occurs 
using the outer regions of homology in the duplication however, the LEU2 marker 
from pREP3x should be removed and the final integrant would have the same 
predicted structure as would occur if pPL4 integrated into the wild type locus. It 
should therefore be possible to select for deletion strain by selecting for the ura4 
marker of the knock-out construct, and against the LEU2 marker, which was 
integrated at the eva] locus. 
Therefore pPL4 was transformed into FY20 11 and ura4 diploids were 
selected. These were then tested by replica plating for loss of the LEU2 marker. Out 
of approximately 2000 colonies tested 4 with this pattern of auxotrophy were 
100 
selected. These were tested by PCR and southern analysis (data not shown) and 
shown to contain only the wild-type alleles. 
From these data I conclude that pPL4 did not cause an homologous 
integration event in over 2000 primary transformants. Those colonies that had lost the 
LEU2 marker probably did so when pREP3xEva1 "flipped out" due to the large direct 
repeats present. Although the pREP3xEva1 integration increases the complexity of 
the integration event required to produce a disruption, it would still be expected to 
occur at a level greater than 0.5%. It therefore seems unlikely that this approach to 
disrupting eva] would be productive. 
3.5.2 Construction of a full open reading frame deletion of eva1 
One possible explanation for the rather puzzling difficulties that arose with the 
experiments using pPL4, is that the final product would not necessarily be predicted 
to be functionally null. Over 200 aa' s after the promoter were left in place, 
presumably capable of being expressed. It is feasible that this truncated gene might 
have a dominant lethal effect. It is also possible that if the truncated gene were 
functionally null it might still be dominant lethal, if for instance the cell were highly 
sensitive to gene dosage, or due to an interaction between the homologous loci which 
has been shown to occur in fungi (Aramayo and Metzenberg, 1996). If the first of 
these hypotheses is true, it should be possible to perform a full open reading frame 
deletion. If the latter is true a functional deletion would not be possible by any 
currently available method, all of which require a viable diploid cell after the deletion 
has occurred. 
As a clone for the full open reading frame of eval was not available, a PCR 
approach was used to produce the hybrid fragment needed to perform a deletion. Two 
sets of primers were designed:- L237 and L238 were 60-mers which have 20 bps of 
homology to ura4 followed by 40 bps of homology to eva]. A PCR reaction was 
performed from a ura4 template. The second set of primers, L235 and L236 were 
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designed to PCR from the 5' 20 bps of L237, and L238. This second step PCR 
therefore extended the totally homology to eva] by 40 bps to a total of 80 bps. 
The ura4 transformants from this product were then picked, and struck out. 
In order to test the maximum practicable number of transformants, pools of 10 
colonies were tested by PCR. A total of 340 colonies were tested simultaneously, 
using a primer within ura4 and one designed from the genomic sequence flanking the 
3' region of eva]. A total of 8 pools appeared to be positive, which suggests that 
between 10 and 12 individual colonies were positive. A further PCR was performed 
which allowed isolation of individual positive transformants. 
Tetrads from these positive colonies were dissected. A 2:2 segregation of 
ura4: ura4 was observed indicating that these probable deletions were viable. 
Southern analysis, shown in Figure 3-11, was then performed on both the diploid and 
resultant haploid progeny. During the integration two Hindffl sites within the eva1 
were removed. This was detected by use of a probe made by genomic PCR from the 
3' end of the gene, and shown to cause the predicted increase in size of this fragment 
from 1.7 kb to 2.5 kb (part A, lanes 2, 4 and 5). In addition, to confirm the integration 
of the ura4 gene into the correct genomic location, primers specific to the location 
(K910) and the ura4 gene (E385) were used to amplify a 1 kb product by PCR (part 
B, lane 2, 4 and 5). This therefore confirms that this strain carried a full open reading 
frame deletion of the eva1 gene. 
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Figure 3-11 Homologous integration of the eval+  deletion construct has occurred. 
genomic DNA was prepared from wild type S.pombe, a diploid potentially 
containing the eva] -del allele, and strains grown from four spores produced from the 
diploid. This was digested with HindIII and run on a 1.5% agarose gel. As a probe 
a PCR product was produced from genomic DNA using the primers K909 and K910. 
An increase in size from 1.7 kb to 2.5 kb was diagnostic for correct integration. This 
figure was compiled from two independent blots. 
to further check that the ura4+ gene had integrated correctly, a PCR reaction was 
performed between primer K910 (specific to the eval+ genomic location) and E385 
(specific to ura4+), which was predicted to produce a 1.2 kb band. 
shows diagrammatically the genomic region before and after homologous integration, 
the Hindul sites and location of the probe. 
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3.6 The phenotype of the eva1 deletion 
3.6.1 The eva1 full open-reading frame deletion causes increased 
silencing within regions of the centromere 
As the eva1 gene had originally been isolated due to over-expression leading 
to an enhancement of centromeric silencing, it seemed reasonable to suspect that the 
deletion would also show some effect on these processes. However, because the 
ura4 auxotrophic marker had been used to construct the deletion strain, it was 
necessary to test this using the ade6 marker, rather than the ura4 marker gene used 
previously. This marker gene had been previously integrated into two sites (sites 9 
and 13, see Figure 3-1) within ceni (Allshire et al., 1994; Ekwall et al., 1997). The 
deletion was therefore crossed into these genetic backgrounds and strains plated in the 
presence and absence of adenine. Results are shown in Figure 3-12. Given that eval 
over-expression appears to affect only the mildly repressed central core region within 
the centromeres, it was somewhat surprising that the eva1 deletion does not appear 
to affect this site (lanes 3 and 4), however it does appear to further repress the already 
highly repressed site 13 (lanes 5 and 6). 
It seems possible that the different marker genes used to assay the degree of 
silencing for the deletion and over-expression phenotypes may account for the 
differences in site specificity seen. The enhancement of silencing within the central 
core due to over-expression can only be seen in counter-selective conditions, a 
selection regime which can not be used with the ade6 marker. Conversely site 13 
which displays enhancement of silencing due to the deletion of eva1 is so highly 
repressed when assayed with a ura4 marker that it is doubtful that an enhancement of 
silencing would be detectable at this site. Therefore it seems likely that the site 
specificity noted earlier is an artefact of the marker systems used. These results 
therefore suggest that both the over-expression and deletion phenotypes are to 
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enhance silencing within the centromere. It should however be noted that because of 
the already highly repressed nature of this site the differences seen between the wild-
type and eva] -del strain are quite small. Whilst the result is repeatable it seems 
possible effects other than enhanced silencing might account for the differences seen. 
A small growth defect resulting from eva] -del might become apparent only in cells 
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Figure 3-12 The effect of the eval deletion on centromeric ade6+ markers. 
Cells were grown overnight in non-selective liquid culture and then plated as described. 
Plates are either non-selective (N/S) or selective (ade —) for adenine. The site of the 
ade6+, and eva] allele is shown. Lane 1 contains 972. Lane 2 contains FY367. Lane 
3 contains FY378. Lane 4 contains FY2332. Lane 5 contains FY1180. Lane 6 contains 
FY2333. 
3.6.2 The evat deletion does not damage the function of the 
centromere by a chromosome loss assay 
The eva1 deletion was crossed into a background containing either mini-
chromosome chl6 or CM31 12. Of these two mini-chromosomes chl6 is linear and 
relatively stable whilst CM3 112 is circular and relatively unstable. The high loss rates 
of CM31 12 make it a more sensitive test for chromosome loss. Both can be selected 
for by the absence of adenine in the media, their loss causing red colony colouration. 
Therefore by plating adenine selected cells onto non-selective conditions chromosome 
loss for the first division after plating can be assayed by the percentage of half-
sectored colonies. This assay is defeated when using CM3 112 in for instance a clr4-s5 
background, because the high loss rates occurring result in many colonies with 
multiple sectors (Allshire et al., 1995 and chapter 4). 
The results of the plating experiment are shown in Table 3-3. In both cases 
only small effects of 2 or 3 fold increase in mini-chromosome loss rates were seen 
compared to the 100 fold increases seen for instance with clr4-s5 mutation (see 
Chapter 4). It seems unlikely that such small increases are indicative of a kinetochore 
abnormality. Therefore it would seem that the eva1 is not required for centromere 
function. 
Strain Background Loss rate 
per division 
FY114 WTch16 2.2x10' 
FY2329 eval -del chl6 6.0x10 
FY757 WTCM3112 8.4x10 3 
FY757 cross FY2329 eval -del CM31 12 2.7 x 102 
Table 3-3 Results of mini-chromosome loss assays performed with the eval deletion. 
Chromosome loss rates are shown per division. Chromosome loss assays were performed as 
described in Section 2.2.10. 
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3.7 Conclusions 
The plasmid pREP3xEval was recovered as a multicopy enhancer of silencing 
within the central core region of the S.pombe centromere. Further investigation of this 
plasmid showed that, within the limits of detection, enhancement occurred only within 
this region and not at other sites within the centromere, or at or near the telomeres. 
Deletion analysis of the centromeres has shown that only the central core, and one of 
the inverted inner repeats are necessary for formation of a mitotically functional 
centromere. This specificity of action of pREP3xEva1 is therefore of particular 
interest. 
Functional deletion of the native eva1 gene showed that this gene is not 
essential. The deletion does not appear to affect silencing within the central core of 
the centromere as might be expected, but rather may enhance silencing in the outer-
repeat region. However, these experiments are not directly comparable, as the 
deletion was performed using the ura4 gene, which precludes the use of this marker 
in the assay for centromeric silencing. It is possible that the site specificity seen both in 
the deletion and whilst over-expressing are artefacts of the markers used. As in both 
cases an enhancement of the silencing is seen, it is suggested here that pREP3xEva1 is 
displaying a dominant negative phenotype. Given that pREP3xEva1 is truncated 
compared to the native gene, this might occur because of a titration effect, either of 
Evaip itself (suggesting homo-dimerisation) or of other subsidiary proteins. 
Sequence analysis has shown that eva1 contains the newly identified SANT 
domain (Aasland et al., 1996 and this thesis), and also shows homology to N-CoR 
outside this region. It is feasible that eva1 is also a co-repressor protein. Several 
proteins carrying SANT domains are actually co-activators (SWI3, ADA2). The 
phenotype of the eva1 deletion appears to be to repress transcription within the 
centromere, and it would perhaps seem more likely that it normally functions as a co-
activator. However there is no evidence that eva1 functions directly within the 
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centromere. It could function indirectly as a co-repressor elsewhere in the genome, 
and effect centromeric silencing by re-distributing, or affecting transcription of other 
factors involved in formation of the repressive complex. 
The original aim of the screen was to find genes involved in the normal 
functioning of the kinetochore. As the eva1 deletion does not appear to have a 
compromised kinetochore function using a mini-chromosome loss assay, there is no 
evidence that eva1 in involved in centromere function. However it is possible that the 
deletion of eval appears to have no affect in these assays because its loss is 
compensated for by other genes with overlapping functions. 
109 
4 The cloning and characterisation of c1r4 
4.1 Introduction 
In S.pombe the mating type is encoded by three loci, mat], mat2 and mat3. Of 
these mat] is actively transcribing, whilst mat2 and mat3 carry transcriptionally silent 
copies of the P and M alleles respectively. The c1r4 gene was originally isolated as a 
spontaneous mutation which causes derepression of the silent mating type loci 
(Ekwall and Ruusala, 1994). It has also been shown to derepress a ura4 marker gene 
inserted close to mat3 (Thon et al., 1994). 
As well as the phenotype at the mating type it is also required for silencing 
within the centromeric region, for full centromere function (Allshire et al., 1995) and 
for the localisation of the kinetochore protein Swi6p to the silent regions of the 
genome (Ekwall et al., 1995). It therefore appears that c1r4 plays an important role in 
the establishment or maintenance of a repressive complex at the centromere and the 
formation of a fully functional kinetochore. 
In this chapter I describe the cloning and sequencing of the c1r4 gene, thus 
'providing the first molecular data on this important gene. Additionally a disrupted 
allele of this gene has been created and analysed, and several independent mutant 
alleles sequenced. 
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4.2 The cloning of clr4 
The clr4-s5 mutation causes several diverse phenotypes among them the 
suppression of mating type silencing (Ekwall and Ruusala, 1994). The clone pDB248x 
100.1 was originally isolated by its ability to suppress the mating type defect of c1r4-
s5, and was a kind gift of H.Causton and T.Olsson. 
In order to assess whether this clone could also suppress the silencing defect 
at centromeres in clr4-s5 mutants, pDB248x100.1 was transformed into the strain 
FY707, which carries a single ura4 marker integrated in the centromere (Site 13, 
Figure 3-1). This marker is expressed in the clr4-s5 background, whilst in wild-type 
cells it is highly repressed. A cell suspension was plated as serially diluted spots on 
plates, selecting for, against or non-selective for the ura4 marker. The 
pDB248x 100.1 clone was shown to cause reimposition of repression of this ura4 
marker in a clr4-s5 mutant background (see lane 3, Figure 4-2) allowing growth on 
media counter selective for the ura4 gene product. It was also noted after iodine 
staining and direct microscopic examination of colonies growing on nitrogen poor 
media (data not shown, and K.Ekwall pers.comm.) that this clone appeared to reverse 
the sporulation defect of clr4-s5 (see section 2.2.9). These data therefore confirm that 
the clone pDB248xlOO.1 either complements or contains an extragenic suppressor of 
the clr4-s5 mutation. 
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Figure 4-1 The clr4-s5 mutation is complemented by pDB248x 100.1. 
Cells were transformed with appropriate plasmid then grown overnight in media 
selective for plasmid. Growth assays were then performed as described in materials 
and methods. The presence or absence of pDB248x 100. 1, the location of the ura4+ 
marker, and clr4+ allele is shown. Lane 1 contains wild type strain 972. Lane 2 
contains FY707 transformed with pDB248x. Lane 3 contains FY707 transformed with 
pDB248xlOO.1 
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During the course of the work on the pDB248x 100.1 plasmid a second clone 
pS26 became available. Sequence analysis of the small (0.8 kb) genomic insert of this 
clone showed that it carried homology to chromo-domain proteins. The previously 
characterised gene swi6, which like c1r4 has a role in both mating type 
switching/silencing, and in silencing at the centromeres, also contains a chromo-
domain (Lorentz et al., 1992). The sequence of the swi6 chromo-domain was not 
identical to that of the pS26 insert. Given the similarity in phenotype between c1r4 
and swi6 cells, the sequence carried in the pS26 insert was thus a strong candidate for 
encoding c1r4 gene product. The pS26 clone had originally been isolated in a novel 
screen looking for nuclear localising gene products in S.pombe (Sawin and Nurse, 
1996). This screen used a genomic expression library, with expression of random 
fragments being driven by the nmt promoter fused to a green fluorescent protein 
(GFP) tag. The product of p526 is reported to localise mostly to the nucleolus during 
interphase, and also stain the spindle during mitosis (Sawin and Nurse, 1996). 
In order to test the hypothesis that pS26 might by a clone of c1r4 it was 
transformed into a clr4-s5 strain. It was shown not to the complement this mutation, 
although as it does not contain a complete gene this result is not conclusive (data not 
shown). I therefore designed a pair of primers around the chromo-domain of pS26, to 
produce a band of 270 bp by PCR. These primers were also shown to produce the 
same band using pDB248x 100.1 as a template (data not shown). Direct sequence 
analysis of pS26 and pDB248x 100.1 confirmed that the insert carried by the pS26 
plasmid was also present within the pDB248x 100.1 insert (data not shown). 
In order to see if the pS26 indeed carries part of the c1r4 gene, the plasmid 
was linearised with Spel, and then transformed into the strain FYI 1 80. This strain 
normally carries a repressed centromeric ade6 gene (site 13, Figure 3-1) such that 
only lx 10 cells plated forms a white ade6 expressing colony (Ekwall et al., 1997). 
Linearisation should promote integration of the plasmid by homologous 
recombination into the native locus, thereby tagging it genetically with an auxotrophic 
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marker, in this case the S.cerevisiae gene LEU2 which complements the S.pombe 
leul-32 mutation. It was noted that approximately 5% of the colonies resulting from 
this transformation were white rather than the expected red, indicating an active ade6 
gene. In addition, these colonies were marginally smaller than the red ones, which 
indicates a growth defect. Usually red colonies are noticeably smaller than white 
colonies as the lack of a fully functional ade6 gene also causes a growth defect 
presumably due to the inability of the cell to produce sufficent amounts of adenine for 
rapid growth. Both the expression of a centromeric marker, and the growth defect are 
phenotypes shared with the clr4-s5 mutation. Three of these white colonies were 
picked therefore and Southern analysis was performed on genomic DNA prepared 
from these strains (see Figure 4-2). The integration event was predicted to cause the 
appearance of a 1.7 kb band due to the integration of a NcoI site, which was detected 
using the pS26 insert as a probe. The presence of this band (lanes 3-8 Figure 4-2) 
indicated that the plasmid had indeed integrated in its homologous genomic location. 
This integration event leaves no continuous full length copy of the pS26 gene in the 
genome (Figure 4-2) so it is perhaps unsurprising that a mutant phenotype results. 
To show that the site of integration was in fact the c1r4 locus, one of these 
white strains, now named FY1941, was crossed to FYI 181 and to FY1304. Both of 
these strains have the same ade6 marker (site 13, Figure 3-1) as FYI 180 (the 
parental strain of FY 101) but of opposite mating type, and the latter has the clr4-s5 
allele. The results of this cross shown in Figure 4-3. No wild-type recombinants (red 
colonies) were seen in the cross with FY1304, and that the mutant phenotype co-
segregates with the LEU2 marker. This indicates that the integration associated with 
the LEU2 marker causes the derepression phenotype in FY1941 and furthermore that 
this integrant maps <0.5 cM from the clr4-s5 mutation. This genetic distance is 
equivalent to about 3 kb in S.pombe. As the insert size of pDB248x 100.1 is about 6 
kb this indicates that the site of the clr4-s5 mutation should be contained within this 
insert. Given that FY1941 also has a c1r4 phenotype, which was caused by the 
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integration event it was therefore concluded that pS26 contains a partial fragment and 
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Figure 4-2 The integration of the plasmid pS26 has occurred at the homologous 
genomic location. 
Genomic DNA was prepared in duplicate from 3 white colonies and the parental strain, 
digested with NcoI, run on a 0.8% agarose gel, blotted and probed as described in 
materials and methods. The presence of a 1.5 kb band was diagnostic for integration. 
The band in all lanes at 9.42 kb is probably due to hybridisation of probe to vector 
sequences integrated with the adeó+  marker in the centromere. Lanes 1 and 2 contain 
FY1180, the parental strain. Lanes 3 and 4 contain the strain subsequently named 













Figure 4-3 The integration of pS26 has occurred at the c1r4 locus. 
Strains were crossed and random spore analysis performed as described. All strains 
used were otherwise isogenic and have an ade6+ marker integrated in the highly 
repressed site 13 (see Figure 3-1). 
A cross between FYI 941 (pS26 integrant) and FYI 181 (wild-type) producing red 
and white colonies in approx 1:1 ration. 
No red colonies are produced when crossing FY194I with a FY1304 (clr4-s5) 
strain. 
Replica plates showing that the ade6 phenotype segregates with the LEU2 marker. 
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4.3 Sequencing and analysis of the c1r4 open reading 
frame. 
The insert size of pDB248x 100.1 was approximately 6 kb. It was unknown 
where within the insert the c1r4 gene resided. As the insert size is fairly large 
compared to the average size of an S.pombe gene, sequencing only part of the insert 
using a primer walking method, starting from the primers designed with the sequence 
from pS26, appeared to be the most direct approach. In order to facilitate preparation 
of template, part of pDB248x 100.1 including the genomic insert was subcloned into 
pBluescript, creating pPL2. Sequencing was performed in both directions, until a 
complete open reading frame was found. Sequence on both strands of this open 
reading frame was performed until no ambiguities were present. Sequencing was 
continued for at least 500 bps outside the open reading frame and from either end of 
the insert confirming that no other open reading frames were present on pDB248x 
100.1. That the full open reading frame has been sequenced was confirmed by use of 
the GeneMark server (Borodovsky et al., 1993). Sequence analysis was then 
performed on a translation of this open reading frame showing that the open-reading 
frame encodes a predicted 490 amino acid protein. 
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1 MSPKQEEYEV ERIVDEKLDR NGAVKLYRIR WLNYSSRSDT WEPPENLSGC 
51 SAVLAEWKRR KRRLKGSNSD SDSPHHASNP HPNSRQKHQH QTSKSVPRSQ 
101 RFSRELNVKK ENKKVFSSQT TKRQSRKQST ALTTNDTSII LDDSLHTNSK 
151 KLGKTRNEVK EESQKRELVS NSIKEATSPK TSSILTKPRN PSKLDSYTHL 
201 SFYEKRELFR KKLREIEGPE VTLVNEVDDE PCPSLDFQFI SQYRLTQGVI 
251 PPDPNFQSGC NCSSLGGCDL NNPSRCECLD DLDEPTHFAY DAQGRVRADT 
301 GAVIYECNSF CSCSMECPNR VVQRGRTLPL EIFKTKEKGW GVRSLRFAPA 
351 GTFITCYLGE VITSAEAAKR DKNYDDDGIT YLFDLDMFDD ASEYTVDAQN 
401 YGDVSRFFNH SCSPNIAIYS AVRNHGFRTI YDLAFFAIKD IQPLEELTFD 
451 YAGAXDFSPV QSQKSQQNRI SKLRRQCKCG SANCRGWLFG 
D X 	SpSp 	 D 	N 
II I 
I 	I 	I 	I I 	I 	I 	•I 





Sp = SpeI 
X =XbaI 
Figure 4-4 The peptide sequence of cfr4 and a map of the genomic region 
The map was created by hand using data produced by the GCG MAPSORT program. 
The entire sequenced region is shown. Only those restriction sites used for the work 
described here are shown. 
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A BLAST search of the public databases was performed using the predicted 
c1r4 peptide sequence. Numerous homologous matches were found, and these are 
summarised in Table 4-1. Use of other homology search tools appeared to provide no 
additional data. By direct examination of the sequence alignments produced by the 
BLAST search, there appear to be two main regions of homology. The N-terminal 
region is characterised by the presence of a 37 amino acid chromo-domain motif. This 
domain was first found as a large common block of homology between the 
Drosophila proteins Polycomb and HP  (Paro and Hogness, 1991). It is also present 
in the Swi6p which, like the c1r4 gene product is involved in centromeric silencing in 
S.pombe (Lorentz et al., 1994; Allshire, 1995; Ekwall et al., 1995). This sequence 
homology between c1r4 and other chromo-domain proteins is shown in Figure 4-5. 
Several chromo-domain proteins have also been reported to have a second chromo-
domain like "shadow" domain (Aasland and Stewart, 1995). Whilst sequence 
comparisons between c1r4 and swi6 do show weak homology (13% identity over 
150 amino acids) within the shadow domain of swi6, comparisons with other shadow 
domains show no significant alignments. It would seem that c1r4 does not have a 
shadow domain therefore, and that the homology between c1r4 and swi6 within this 
region is due to a preponderance of charged or polar residues in both proteins. 
The second domain of c1r4, which produced significant matches from a 
BLAST search, is at the C-terminus. This domain showed significant homologies to 
Drosophila proteins Su(var)3-9, enhancer of zeste, and trithorax. This domain has 
recently been identified and named the SET domain, after these three proteins 
(Tschiersch et al., 1994). Its function is unknown, although it occurs in both negative 
and positive regulators of transcription, which are thought to function by altering 
chromatin conformation. A sequence alignment of this domain is shown in Figure 4-5. 
Interestingly the same arrangement of domans has also been seen in the 
Drosophila protein Su(var)3-9 which also has both a N-terminal chromodomain, and 
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C-terminal SET domain. Su(var)3-9, like Su(var)2-5 which encodes HP!, is a haplo-
suppressor, triplo-enhancer, of variegation, although unlike HP1 it appears not to be 
non-essential (Tschiersch et al., 1994). This gene has also been reported to contain a 
domain found in Elongation Factor EF-la, which is thought to be a GTP-binding 
motif (Tschiersch et al., 1994). Direct comparison of these sequences with clr4 
however suggests that it does not have this motif. Despite this Su(var) 3-9, shows the 
highest degree of homology to clr4 (other than for the human MG44, for which no 
suggested functionality, or associated phenotype are known) and represents that most 
likely true homolog of clr4t 
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ACCESSION 
NO. GENE FUNCTION SCORE PROB REFERENCE NOTES 
L08238 Human MG44 Unknown 147 4.8e-47 Geraghty (1992) 
rnRNA, 5' end  Unpublished  
X80070 D.melanogaster Antagonistic 161 2. le-46 Tschiersch et al., 
mRNA for regulator of (1994) 
Su(var)3-9 homeotic gene 
protein complexes  
X69838 H.sapiens Unknown 191 8.8e-32 Milner and 
mRNA for G9a  Campbell (1993)  
U61145 Human Unknown in 102 2.9e-12 Laible et al., 
enhancer of humans, but (1997) 




X95653 H.sapiens Unknown, 102 5.ie-10 Chen et al., same gene 
mRNA for potential (1996) as U61145 
enhancer of contribution to 
zeste Downs syndrome  
U00180 Drosophila Unknown 105 2.4e-10 Jones and 
melanogaster Gelbart (1993) 
Enhancer of 
Zeste  
U50315 Human Unknown 97 1.0e-09 Abel. et al., 
enhancer of (1996) 
zeste homolog 1 
U60453 Mus musculus as U61145 97 1.7e-09 as U61145 
enhancer of 
zeste homolog  
M31617 D.melanogaster Zinc finger 70 2.5e-08 Mazo et al., 




L17069 All-1 Mus Unknown 74 2.9e-08 Ma et al., (1993) 
Musculus  
Z68198 S.pombe cosmid Unknown 104 0.00014 PCP3 
c18G6  
Z50038 D.virilis DNA 59 0.0028 Tillib and Mazo 
for trithorax (1995) 
protein  
U26311 Human Unknown 75 0.31 Ye And Worman 
heterochromatin (1996) 
X71783 S.pombe Swi6 66 0.9997 Lorentz et al., 
gene  (1994)  
Table 4-1 Results of a BLAST search with the c1r4 peptide sequence 
A BLAST search was performed using the c1r4' predicted peptide sequence as described in 
materials and methods. Results showing matches to unknown sequences (mainly EST's) are 
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Figure 4-5 The two conserved domains of c1r4. 
Domain alignments and colouration were performed using the GCG PILEUP 
program and the EGCG PRETTYBOX program with output modified as described 
in Section 2.5.2 A) shows the chromo-domain, B) shows the SET domain. The 
sequences used for this analysis are as follows:- P45973 (HPI Drosophila), P26017 
(Polycomb Drosophila), P45975 (Suvar 3(9) Drosophila), Q10103 (pcp3 S.poinbe), 
P40381 (swi6 S.pombe), P45968 (ynz8 ORF C.elegans), P42124 (E(z) Drosophila), 
P20659 (trithorax Drosophila), Q03164 (ALL 1 human), Q10362 (ORF S.pombe), 
Q14349 (G9a Human), G2231380 (ORF human), Q 14828 (MG44a Human), z99164 
(cosmid c29b12 S.pombe), Q24189 (Ash I Drosophila). 
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4.4 Sequencing of several alleles of clr4 
In addition to the clr4-s5 allele several other mutant alleles of this gene are 
available. The lot] mutant was isolated as a suppressor of position effect at the 
telomeres in S.pombe, and had been defined as a possible clr4 allele (E.Nimmo 
pers.comm.). In order to confirm its allelism to clr4, the strain FY1939 (ade6 at site 
13, lot]) was crossed to FY1941 (clr4..pS26Leu2, ade6 at sitel3). Both these 
strains show white colony colour, indicating expression of the usually repressed 
centromeric ade6 marker. No wild-type recombinants (which would produce red 
colonies) were seen in over 1000 colonies confirming that lot] was an allelic to clr4. 
lot] has now been renamed as clr4-L]. Additionally, three other alleles had previously 
been recovered as being capable of relieving silencing at the silent mating type loci 
(Thon et al., 1994, G.Thon pers.comm.). These strains were homothallic (capable of 
switching mating type). Combined with mating type defect due to the probable clr4 
mutations in these strains, isolation of heterothallic strains to cross with FY 1941 
would have been technically demanding. Instead diploids were made with a known 
clr4-s5 strain (FY60 1) and, as a control, clr5 (FY494) which has a similar phenotype 
at the mating type to clr4 (Ekwall and Ruusala, 1994). Single diploid colonies were 
then picked and allowed to sporulate. As diploids were selected by intra-alleic 
complementation between the ade6-210 allele carried by the test strains, and the 
ade6-216 allele carried by FY60 1, and FY494, this ensured that none of the progeny 
resulted from self-crossing. The segregation of the mutants was checked by iodine 
staining. If the new mutations are allelic to clr4-s5, a 3:1 segregation of mutant (grey) 
to wild-type (black) would be expected on crossing to clr3 , and only mutant 
segregants when crossed to clr4. As results (Table 4-2) were in agreement with this 
expectations, all three appear to be allelic to clr4-s5. 
In order to sequence these alleles, genomic PCR was used to amplify the 
entire open reading frame of clr4t Two PCR reactions were used to amplify the 5' 
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and 3 end of the gene separately, as the single full length PCR was over 2 kb in length 
and gave only small amounts of product (data not shown). For each allele, 9 
independent PCR reactions were pooled and used as a template for sequencing in 
order to minimise the possibility of artefacts. Sequencing was performed on both 
strands, and potential sites of mutation were re-sequenced using freshly made 
template, again reducing the possibility of PCR artefacts. The results of these analyses 
are shown in Figure 4-6. 
The clr4-s5 mutation appears to be a duplication within the open reading 
frame. The wild type sequence contains a naturally occurring 9 bp direct repeat 
separated by 48 bp of unique sequence. In the mutant allele, the unique sequence and 
one of the 9 bp repeats has been duplicated. This results in a 19 amino acid 
duplication in the clr4-s5 putative peptide sequence. As this allele was originally 
isolated as a spontaneous mutation, it seems possible that is arose as the result of 
either replication slippage, or an unequal mitotic recombination mediated by the native 
9 bp direct repeat. 
The other four mutations were all obtained by EMS mutagenesis (Thon et al., 
1994, E.Nimmo pers. comm.) and all appear to be single base pair changes. All of 
these cause single amino acid substitutions in the predicted peptide. Surprisingly, three 
of these are conservative, with two glycine to serine changes (clr4-642, clr4-681) and 
one arginine to histidine (clr4-689). By comparison with the multiple sequence 
alignment, shown in Figure 4-5, three of these mutations (clr4-LI, clr4 -642, clr4 -689) 
alter highly conserved residues of the SET domain, which confirms the biological 
significance of this domain. The final mutation (clr4 -681) is not in a conserved region 
and alters residue 378, the amino-acid fifth from the C-terminus. 
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Black Grey 
PG906 FY494 13 34 
FY601 0 254 
PG912 FY494 32 120 
FY601 0 437 
PG916 FY494 177 915 
FY601 0 854 
Table 4-2 Three mutations are allelic to clr4-s5. 
The three putative clr4 mutants were crossed to a clr3(FY494) and clr4 (FY601) strain, and 
diploids selected. These were then sporulated, and spores were plated. The resultant colonies 
where then iodine stained, and the colonies were counted. The PG strain names were given by 
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clr4-s5, a duplication resulting in duplication of F239 to Q257 . 
Figure 4-6 The details of the primary mutations found in five c1r4- alleles. 
A-D) Sample chromatograms from an ABI automated sequencer are shown on the 
positive strand over the sight of mutation. The mutant base pair is underlined. 
E) shows the output of the GCG program DOTPLOT, performed on a single 
sequence run showing that a duplication exists in this allele. Full details in Figure 
4.7. 
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WT 	CCA TCT TTA AT TTT CAA TTC ATT AGC CAG TAC CGC TTA ACA CCA GGT GTT ATC CCG 
s5 CCA TCT TTA AT TTT CAA TTC ATT AGC CAG TAC CCC TTA ACA CAA GGT GTT ATC CCC 
pep 	P S L  
WT 	CCT GAT CCA 
s5 CCT GAT CCA 	 .L'C ATT AGC CAG TAC CCC TTA ACA CAA GGT GTT ATC CcG 
pep 	P 	P 	1P 	F 	Q 	F 	I 	S 	Q 	Y 	P. 	1 	1 	Q 	C 	V 	I 	P 
WT 	................... CT GGA TGC AAT TGC TCG TCC CTT GGC GGT TGT GAC CTT 
s5 CT GGA TGC AAT TGC TCG TCC CTT GGC GGT TGT GAC CTT 
pep 	P P D P F Q S G C N C S S L G C C D L 
Figure 4.7 The primary mutation of the cfr4-s5 allele 
The sequence shown for both the wild-type and mutant alleles has been compiled from multiple 
sequence runs in both directions. The 9 bp direct repeat is shown in green, with the repeated 48 bp 
repeat shown in red. The wild type sequence shown starts 665 bps from the start of the open 
reading frame. 
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4.5 The Disruption of c1r4 and its phenotype 
A disruption construct for c1r4 was produced by first subcloning the insert 
from pS26 into pBluescript creating pPL3. This produced a plasmid that was both 
more convenient for subsequent manipulations and also devoid of the ARS present on 
pS26. The S.cerevisiaeLEU2 gene was then inserted into the unique Spel and XbaI 
sites within this insert creating pPL7 (see Figure 4-4 for the genomic location of these 
sites). Although this strategy does not result in the removal of the entire open reading 
frame of c1r4, it deletes 300 bps near the 5' end of the gene leaving only 35 amino-
acids of the N-terminus of the putative peptide intact, and would therefore be 
expected to produce a functionally null allele. Insert was prepared from pPL7, and 
transformed initially into FYI 180 (ade6 in site 13). As with transformation with 
pS26 it was noted that approximately 5% of colonies formed were white rather than 
the expected red, therefore showing a c1r4 phenotype. Two of these white colonies 
were subjected to Southern analysis. A DraI fragment surrounding the predicted 
integration site was detected using the pS26 insert as a probe (Figure 4-8). A shift to 
the predicted 3 kb was seen in these putative disruption strains, and this band was 
shown to contain LEU2 by re-probing. These results suggested that homologous 
integration of the construct had occurred, and that therefore a disruption of the c1r4 
gene had been created. It had therefore been shown that in the case of these two 
colonies the colour change noted was as a result of homologous recombination and 
that therefore as judged by the colour change, homologous integration occurred in 
approximately 5% of primary transformants. It seems likely that deletion of this gene 
would not be lethal, as all c1r4 alleles isolated have similar phenotypes. However this 
had not been formally tested, and the use of a haploid strain could have selected for 
suppressor mutations of the hypothetical lethal phenotype, although the high rate of 
homologous occuring in the primary transformants makes this seem unlikely. 
Nevertheless these strains were backcrossed against FYI 1 81 (ade6 at site 13). These 
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crossed showed a 1:1 segregation of white to red colonies suggesting that only one 
locus was involved in producing the c1r4 phenotype. Crosses with FYI 304 (ade6 at 
site 13, clr4) produced no wild-type (red) recombinants confirming that the c1r4 
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Probe pS26 insert 
123456 
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3 kb 
Figure 4-8 The homologous integration of the clr4 deletion construct has occurred. 
Genomic DNA was prepared, digested with DraI, run on a 1.5% agarose gel, then 
blotted and probed as described in materials and methods. The single 1 kb band expected 
in the wild type was predicted to shift up to approximately 3 kb in the deletion. Lane 
1 contains FY1180, the parental strain. Lane 2 contains FY1941 (clr4-pS26). Lane 3 
and 4 contain two putative deletion strains. Lane 5 contains FY1304 (clr4-s5), and 
possibly showing a small shift up compared to the wild-type band reflecting the 66 bp 
duplication of the clr4-s5 allele. Lane 6 contains FY367, a wild-type strain. The origin 
of the 3 cross-hybridising bands is unknown. 
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In order to accurately test the phenotype of the clr4 -del, growth assays were 
performed with FY2009 (ade6 at site 13, Figure 3-1, clr4 -del) and isogenic strains 
carrying various c1r4 alleles. The results are shown in Figure 4-9. These suggest that 
the clr4 -del strain has a phenotype indistinguishable from that of clr4-s5, and c1r4- 
pS26 (lanes 3-6). It was however noted that, after several days of further growth, 
those cells containing clr4-pS26 developed a red colouration indicating partial 
repression of centromeric ade6 gene. In order to further test this phenotype several 
alleles were crossed into an isogenic background containing a centromeric ura4 
marker. Results are shown in Figure 4-10. This shows that low levels of growth can 
occur with the clr4-pS26 allele (lane 5) despite counter-selection for the ura4 gene. 
It would appear therefore that the clr4-pS26 allele is not functionally null, retaining a 
low level of function. 
To test the clr4 -del phenotype further, it was crossed into a variety of 
backgrounds with the ura4 marker integrated at different sites in the genome. 
Selected results of these crosses are shown in Figure 4-11. These indicate that the 
clr4 -del allele causes derepression at all sites tested within the centromere which 
strengthens the conclusion that its phenotype is indistinguishable from that of clr4-s5. 
Finally the rate of minichromosome loss in the clr4 -del background was 
tested. Both the linear mini-chromosome Ch16 (Niwa et al., 1989), and the less stable 
circular minichromosome CM3 112 were tested. However, as was also previously 
noted in a clr4-s5 background (Allshire et al., 1995), the rate of loss of CM31 12 was 
too high to be measured by the half-sectoring method described. Results are shown 
therefore only for Ch 16 (Table 4-3). Again, the results suggest that the phenotype of 
clr4-del is very similar to that of clr4-s5. 
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Strain Background Loss rate per 
division 
FY114 WTchl6 2.2x10 
FY2220 clr4-del ch16 4.1 x 102 
Table 4-3 The results of a test for mini-chromosome loss in a clr4-del background. 




Site of ade6 
marker 
1 WT WT 
2 WT NONE 
3 s5 13 
4 LI 13 
5 pS26 13 
6 del 13 
7 WT 13 
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Figure 4-9 The phenotype of the c1r4 deletion by auxotrophic growth with an 
ade6+ marker gene inserted into a highly repressed site in the centromere. 
Cells were grown overnight in liquid culture and growth assays performed as described 
in materials and methods. The site of the adeó+ marker (see Figure 3-1), and allele 
of c1r4 is shown. 
Lane I contains wild type strain 972. Lane 2 contains FY367. Lane 3 contains FY 
1304. Lane 4 contains FY1939. Lane 5 contains FY1941. Lane 6 contains FY2009. 















- clr4 allele Site of ura4+ integration 
WT wr 
2 WT NONE 
3 WT 13 




2 10 I1tIjIi1, 
WT 
13 
IMMY 	MOMMMI 	"111010 	2!,.  
WT 
2 WT NONE 
WT 13 




: H 	 M 
WT 
13 
I IM HORN 
WT 
2 WT NONE 
WT 13 
4 s5 13 
5 pS26 13 
Figure 4-10 The phenotype of the pS26 integration allele of c1r4 with a ura4 
integrated into the centromere 
Cells were grown overnight in non selective media and growth assays were performed 
as described in materials and methods. The sites of the ura4+ marker is shown (see 
Figure 3-1). Lane 1 contains 972. Lane 2 contains FY367. Lane 3 contains FY1624. 





































cfr4 allele Site of ura4+ marker 
I WT 
2 WT NONE 
3 WT 9 
4 del 9 
s Wi' 5 
6 del 5 
wr 7 
8 del 7 
9 WT 3 
10 del 3 
1 WT WT 
2 WT NONE 
3 WT 9 
4 del 9 
5 \,fI' 5 
6 del 5 
WT 7 
8 del 7 
9 WT 3 
10 del 3 
wr WT 
2 WT NONE 
3 WT 9 
4 del 9 
5 WT S 
6 del 5 
7 WI 7 
8 del 7 
9 WT 3 
10 del 3 
Figure 4-11 shows the phenotype of the clr4 deletion strain with ura4+ integrated 
at selected sites with the centromere. 
Growth assays were performed as described in materials and methods. The site of 
the ura4+ marker is shown, as is the allele of c1r4. Lane I contains strain 972. Lane 
2 contains FY367. Lane 3 contains FY336. Lane 4 contains FY2 144. Lane 5 contains 
FY534. Lane 6 contains FY2146. Lane 7 contains FY525. Lane 8 contains FY2150. 
Lane 9 contains FY939. Lane 10 contains FY939 crossed with FY2018. 
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4.6 Initial cytological analysis of the clr4-pS26 integrant. 
The pS26 plasmid was originally isolated from a cytological screen where 
genomic fragments were cloned into an expression vector with an in frame GFP tag. 
Any proteins produced could be visualised using fluorescence microscopy (Sawin and 
Nurse, 1996). This plasmid had been integrated into its homologous location in the 
genome to determine whether the gene carried by pS26 was allelic to the clr4-s5 
mutation(see Section 4.2). This integration event results is a partial duplication of the 
c1r4 gene. One half of this duplication contains the 5' end of the pS26 insert and the 
3' end of the c1r4 locus. Whilst pS26 is truncated at its 3' end, direct sequence 
analysis suggests that the 5' end lacks only 15 amino acids compared to the putative 
wild-type protein, including the chromo-domain motif (this thesis, Sawin and Nurse, 
1996). This open reading frame also contains an in-frame GFP tag, and is driven by 
the nmt promoter (see Figure 4-2). This allele of c1r4 is not as severe as either c1r4-
s5, or &4-del (see Section 4.5). Additionally as this allele is not plasmid borne but 
integrated in single copy in the genome, it may provide a truer representation of the 
localisation of native Clr4p than simple expression from the p526 plasmid. 
To examine the localisation of the GFP-Clr4 protein cells were fixed and 
examined by fluorescent microscopy. Cells were stained with DAPI which stains 
chromosomal DNA and also with mouse anti-tubulin TAT  monoclonal antibody to 
allow visualisation of the spindle, which serves as a convenient marker for cell cycle 
stage. Additionally expression from pS26 had previously been suggested to show 
staining of the spindle during mitosis (Sawin and Nurse, 1996). Cells grown both in 
the presence and absence of thiamine were grown, but green fluorescence was seen in 
only those cells grown without thiamine. In most interphase cells fluorescence 
appeared to fill the nuclear volume although some cells suggested the nucleolar 
staining previously reported. This staining pattern appeared largely similar in mitosis 
with green fluorescence overlapping all or part of the DAPI stain, and in some cases 
extending between the dividing chromosomes (see Figure 4-12). 
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The Swi6 protein localises with centromeres, telomeres and the mating type 
region (Ekwall et al., 1995). An additional phenotype of clr4-s5 is the delocalisation 
of this protein (Alishire et al., 1995). It was decided to also examine clr4-pS26 to 
determine if Swi6p was localised or not in this background. Cells were staining with 
affinity purified rabbit anti-Swi6p and DAPI. Under these conditions only low levels 
of background staining could be seen in the clr4-pS26 background (Figure 4-13). It 
therefore appears that this allele does not allow localisation of Swi6p. 
It is very unlikely that this staining pattern reflects accurately the wild-type 
localisation of c1r4, as this allele has a strong c1r4 phenotype. Further the low levels 
of complementation seen occur both in the presence or absence of thiamine, whilst 
staining is only seen in the latter case (data not shown). This could indicate that only 
small amounts of the fusion protein are sufficient to allow the complementation seen 
as the nmt promoter allows low levels of transcription even in the presence of 
thiamine. Alternatively the untagged 3' truncated c1r4 protein also present in these 
cells could be responsible for this residual activity. The delocalisation of Swi6p, 
further demonstrates this lack of full function of this allele. 
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B 
DAPI GFP-C1r4 : lubulin 
Figure 4-12 The localisation of GFP-pClr4 within the cell 
Cells containing the clr4::pS26 allele were grown overnight in liquid culture not 
containing thiamine, fixed and stained with mouse anti-tubulin TATI monoclonal 
antibody and DAPI. The TATI antibody was visualised by incubation with TRITC 
conjugated anti-mouse immunoglobulin IgG as described in materials and methods. 
A) and B) show two mitotic cells. 
Ire 
DAPI : (,l F-( Ir-4 : :' 
U 
Figure 4-13 Swi6p fails to localise in a cIr4::pS26 background. 
Cells were grown overnight in the absence of thiamine, fixed. and stained with DAPI. 
affinity purified anti-Swi6 polyclonal antibody as described in Ekwall ci al.. (199). 
which was visualised by incubation with TRITC conjugated anti-rabbit immunoglohulin 
IgG. 
A) shows wild type cells displaying the distinct foci which is characteristic of Swi6p 
localisation. whilst B) shows cells containing the clr4::1626 allele. In these cells Swi6p 
does not show distinct foci of localisation. 
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4.7 Conclusions 
The c1r4 gene has previously been shown to be necessary for transcriptional 
silencing at the centromeres, telomeres and mating type regions of S.pombe. In 
addition it is required for the localisation of Sw16p- a protein known to localise to the 
centromeres. Mutation of c1r4 also cause increased levels of mini-chromosome loss. 
A clone, pDB248x 100.1, which complemented clr4-s5 had been isolated, as 
had another clone pS26 which putatively encoded part of a novel chromo-domain 
protein. In this chapter it was shown that an integrant of the latter produced by 
homologous recombination mapped to the c1r4 locus, and caused a c1r4 phenotype, 
indicating that the chromo-domain protein was, in fact, c1r4. Sequence analysis 
demonstrated that the c1r4 gene was also present on the complementing clone. 
Complete sequencing of c1r4 showed that this gene as well as containing a 
chromo-domain also carries the recently identified SET domain. The chromo-domain 
has been found in several proteins which are associated with heterochromatin in 
Drosophila. The SET domain has been found in both negative and positive regulators 
of transcriptional silencing, also in Drosophila. Sequence analysis of five alleles of 
c1r4 suggest that the SET domain is important for its function as 3 out of 4 point 
mutations map to this domain. 
Finally the c1r4 gene was disrupted by replacement of part of the open reading 
frame with the S.cerevisiase LEU2 gene. This showed the gene to be non-essential. 
The disruption appears to have a phenotype which is indistinguishable from the c1r4-
s5 allele with all of the assays used. 
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5 Discussion 
5.1 The analysis of eval 
A over-expression screen was performed for cDNA's which cause an 
enhancement of silencing within the central core region of the centromeres of 
S.pombe. This resulted in the isolation of several cDNA's which were called eva's. 
One cDNA, pREP3xEva1 was isolated several times, and it is this cDNA which was 
further analysed. Subsequent analysis of this over-expression phenotype showed that 
this cDNA could cause enhancement of silencing within any of the three centromeres 
of S.pombe and could affect either of two marker genes, suggesting that the protein 
produced by this cDNA was probably not interfering directly in the transcriptional 
machinary associated with these marker genes. Further investigation suggested that 
this phenotype was specific to the central core region, as a similar enhancement was 
not seen at other sites within the centromere, or near the telomeres even though these 
sites were silenced to a similar degree as the central core.This specificity of action was 
of particular interest because the central core region has been defined as part of the 
minimal centromere in S.pombe (Hahnenberger et al., 1989; Baum et al., 1994). 
Whilst other mutations were available which affected silencing within the centromere 
these all appeared to have a minimal effect on silencing within this region, and none 
were known to interact with this region, although subsequently a gene mis6 has been 
shown to both affect the chromatin structure within this region, and interact directly 
with it (Saitoh et al., 1997). The rationale behind this screen was that, given the 
association between centromeric regions and silencing, genes which affected silencing 
within this critical region of the centromere might also contribute to the formation of 
a fully functional kinetochore. In this section the subsequent analysis of eval will be 
discussed. This analysis has not demonstrated that eval does indeed function in this 
way, but has suggested that a possible function for eval in the cell. Additionally 
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possible improvements to the screen suggested by the work presented in this thesis 
will be discussed, as will future analyses which could be performed on which might 
increase out knowledge of eva] and the processes within the cell with which it is 
involved. 
5.1.1 The deletion phenotype of eval 
Shortly after the sequence of pREP3xEval was completed the full sequence of 
the native gene was completed. Analysis of this sequence showed that the 
pREP3xEva1 cDNA encoded a 5' truncated gene subsequently sequenced in its 
entirety by the S.pombe genome sequencing project. This full length gene encodes a 
600 amino acid gene, which was named eva]. A deletion of this gene was performed 
using a PCR based method. The eva] gene is not essential, and further investigation 
suggested that it did not affect centromeric silencing within the central core. Due to 
limitations imposed by use of the ura4 gene as the genetic marker which was used to 
delete eval it was possible to test the phenotype as only one other site which was 
within the higher repressed otr region of the centromeres. Surprisingly it was found 
that the eva] deletion actually enhanced silencing within this region, as demonstrated 
by a small but repeated difference from centromere marked wild type cells under 
selective conditions. It is suggested that the difference in site specifity seen between 
the deletion and over-expression phenotypes may be due to the different marker genes 
used to assay the two phenotypes. The simplest interpretation of this data is that the 
function of eva1 within the cell is to relieve transcriptional silencing with the cell. 
This interpretation is however problematic. Marker genes can function albeit 
poorly within the centromeric regions of S.pombe and insertion of such genes does 
not appear to comprimise functioning of these centromeres. However there are no 
known genes within the centromeric repeats with the exception of several tRNA 
genes (Kuhn et al., 1991; Takahashi et al., 1991). It is not known whether or not 
these genes are transcriptionálly active. This proposed function of eva] would 
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therefore appear to be entirely unneccessary to the cell. It is feasible that eval 
performs some other function at the centromere which as a by-product relieves 
silencing within the centromere. However the deletion of eval does not appear to 
cause any noticable increase in the rate of mini-chromosome loss and therefore does 
not appear to comprimise centromere function in anyway. Whilst this putative role at 
the centromere could be redundant, it is perhaps more reasonable to suppose that it 
does not in fact have a function in this part of the chromosome.Two possibilities 
therefore remain. Firstly it could be involved in up-regulation of transcription through 
out the cell. Deletion would therefore cause an increase in silencing within the 
centromere. Alternatively it may function elsewhere in the genome as a transcriptional 
repressor. Its absence may allow other components of a putative repressive complex 
to re-localise to the centromeric regions therefore causing the enhanced centromeric 
silencing seen. 
5.1.2 Sequence analysis 
The full open reading frame was extensively analysed during the course of this 
thesis and this analysis provides some support for the hypothesis that eval might 
function in the cell as a transcriptional repressor or activator. By searching the public 
sequence databases eval appears to show sequence similarity to a number of different 
proteins. Most of the homology shown to these proteins is found within a single 
domain of eval. This domain has previously been characterised and named the SANT 
domain after the first four genes characterised as containing this domain, SWI3, 
ADA2, N-CoR, and TFIIIB (Aasland et al., 1996). At the current time this domain 
has not been ascribed a specific function, although most of the proteins which contain 
this gene have been previously characterised as transcriptional repressors or 
activators. The mechanism of action of these proteins in many cases appears to be 
what can broadly be described as "chromatin re-modelling". For instance SWI3 of the 
S.cerevisiae SWI/SNF complex appears to function by altering the chromatin structure 
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to facilitate the binding of the transciptional machinary (Hirschhorn et al., 1992; 
Yoshinaga et al., 1992). More recent biochemical data has suggested that in many 
cases SANT domain proteins are assoicated with other proteins defined as histone 
deacetylases. These enzymes modify the N-terminal "tail" of histone H4 by removing 
acetyl groups from one or more of the four lysine residues. The N-CoR (Nuclear 
CoRepressor) protein which is the protein showing the most similarity to eva1 has 
been shown to form a complex with mSin3a and mRPD3 (Heinzel et al., 1997) and 
also mSin3a and HDAC1 (Alland et al., 1997). mRPD3 and HDAC1 are mammalian 
homologs of the S.cerevisiae gene RPD3 (Taunton et al., 1996; Yang et al., 1996), all 
of which have been shown to be histone deacetylases (Vidal and Gabar, 1991 a). As 
the S.cerevisiae RPD3 also appears to act in concert with SIN3(Vidal et al, 1991b; 
Wang and Stillman, 1990) of which mSin3a is the mammalian homolog this pathway 
appears to be highly conserved. It is worth noting that as well as the sequence 
similarity between N-CoR and eva1 within the SANT domain that there is also lesser 
but significant sequence similarity between these two proteins in two regions of N -
CoR that have been defined as mSin3a interacting domains (Henizel et al., 1997) 
Homologs of several of these genes have been shown to exist in S.pombe, and 
one of them (hda1, accession number AL023589 which shows over 60% identity to 
RPD3) has been shown to enhance silencing within the centromeric region when 
deleted (T.Olsson and K.Ekwall pers.comm.). This concurs with evidence from other 
organisms that the acetylation status of the histones is altered in silenced chromatin 
(Braunstein et al., 1993; Thompson et al., 1994), and that in both S.cerevisiae and 
Drosophila RPD3 can directly affect (De Rubertis et al., 1996) and controls (Rundlett 
et al., 1996) silencing processes. This, perhaps, reinforces the idea that similar 
pathways exist in S.pombe and that eva1 functions within these pathways. 
If eva] does indeed function as a transcriptional repressor in a pathway such 
as this, how can this explain the effect of its deletion in enhancing silencing within the 
centromere? Recent data has shown that the centromeric region of S.pombe is hypo- 
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acetylated, that this state is epigenetically regulated and required for full centromere 
function. Increased levels of acetylation within the centromere result in de-repression 
of marker genes within the centromere (Ekwall et al., 1997). If eva1 functions 
elsewhere in the genome, as a transcriptional repressor in concert with a putative 
histone deacetylase, removal of Evaip by deletion, would increase the amount of 
histone deacetylase which available for sequestration to the centromere, and therefore 
result in even greater hypo-acetylation at the centromeres resulting in the phenotypes 
seen. In this model the over-expression phenotype would result from a dominant 
negative phenotype caused by the existance of a truncated protein. This could occur 
for instance if this truncated protein competed with the wild-type protein for other 
factors required to allow binding of the histone de-acetylase to non-centromeric sites 
of action. 
5.1.3 Assessment of the screen 
The central core region of the S.pombe centromere is known to be of 
importance for its function as it is a required part of the minimal centromere 
(Hahnenberger et al., 1989; Baum et al., 1994). The silencing phenotype of the 
centromeres has previously been shown to be affected by mutations in the swi6 gene 
(Alishire et al., 1995) which has been shown to be part of the functional kinetochore 
(Ekwall., et al 1995). It was therefore clearly of interest to perform a screen based on 
the silencing phenotype in the central core region. However because of the nature of 
the phenotype in this region it was necessary to perform an over-expression enhancer 
screen rather than the more conventional suppressor mutation screen. It would appear 
from the data given in this thesis, that this screen has not resulted in isolation of a 
member of the functional kinetochore. In this section several possible improvements 
to the screen performed are discussed. 
The level of expression from the nmt promoter used in the screen is very high 
(Maundrell, 1990; Forsburg, 1993), and it seems likely that many genes expressed at 
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this level would have a deleterious, or lethal effect on the cell preventing isolation by 
this method (this is for example known to be true of swi6 when expressed from nmt 
(R.Allshire pers. comm.)). It would be possible to reduce this problem by using a 
different promoter system (Forsburg, 1993), or by using only short periods of 
expression from the exisiting nmt promoter with lower levels of expression (Basi et 
al., 1993). Alternatively a genomic library could be used, which would result in over-
expression due to the presence of multiple copies of the genes in one cell. 
It would however perhaps be more productive to modify the silencing 
phenotype within the central core to one which more amenable to allow a suppressor 
mutational analysis. This approach has already been attempted with respect to 
telomeric silencing. The telomeres show levels of silencing of the ura4gene which 
like the central core, would give high background levels in any screen. However when 
the ura4 marker was replaced with a his3marker gene which had been "crippled" by 
mutations in the promoter, telomeric silencing prevented growth of cells under 
selection for histidine (Nimmo et al., 1998). Indeed to allow selection for this 
insertion it was found necessary to use a lotl(shown to be an allele of clr4 in this 
thesis), which alleviates telomeric silencing. A his3 marked centromere has already 
been produced, and initial results suggest that the level of silencing is indeed sufficient 
to allow such a screen (A.Pidoux pers.comm.). 
5.1.4 Further work 
1) The data presented suggests that the eva] -del allele causes enhancement of 
silencing in the outer repeat regions of the centromere (site 13, Figure 3-1). Whilst 
this effect was found to be reproducible, the phenotype seen is relatively subtle. This 
degree of subtlety does allow interpretations of these results other than those given. 
For instance it would seem possible that a small growth defect might not be apparent 
on non-specific media would cause slower growth under selective conditions. In order 
to test this phenotype more conclusively the ura4 marker gene could be used. With 
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this marker under counter-selective conditions the eva] -del allele should grow more 
readily that wild-type cells, which would rule out the possibility of a growth defect. 
However in order to perform these experiments it would be necessary to delete the 
eva] gene with a marker other than the ura4 gene, and this was not feasible in the 
time available. This would also allow a direct comparison of the over-expression and 
deletion phenotypes which would help to determine if the site specificity of these 
phenotypes were real or artifactual. 
The over-expression phenotype reported in this thesis occurred when only a 
part of the eva] gene was over-expressed. It would be potentially informative to over-
express the full length open reading frame of eva1 and also the 5' end of the gene 
which is missing from pREP3xEva1 to determine if these constructs also affected 
centromeric silencing. 
The pattern of homologies seen in eva] suggests that it may share 
functional similarities to N-CoR. As several other homologs of the pathways involving 
N-CoR have now been found in S.pombe it would be appropriate to test these for 
interactions with eva]t This could be done in a number of ways, although the 
quickest would probably be to look for genetic interactions such as synthetic lethality 
(lethality of a double mutant, where neither single mutant is lethal). Similarly genetic 
interactions with other genes involved in silencing could be tested. For instance what 
is the effect on silencing of a clr4(which suppresses silencing) and eva] (which 
enhances it) double mutation have. 
5.2 The analysis of c1r4 
The clr4 gene was originally isolated due to its effect on the mating type 
region of S.pombe (Ekwall and Ruusala, 1994). It was shown to be necessary for 
silencing of the silent mating type loci mat3M and to a lesser extent mat2P. Mutations 
in this gene cause a loss of this silencing and subsequently a mating type defect. It was 
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also shown independantly that it was required for silencing of marker genes inserted 
ectopically near the mat3 locus (Thon et al., 1994). The requirement for c1r4 in 
silencing at the mating type region mirrors a similar requirement within the 
centromeres and at the telomeres (Ekwall et al 1996). It is also required for 
localisation of the chromodomain protein, Swi6p to the centromeres throughout cell 
cycle (Ekwall et al, 1995). It is clear therefore that c1r4 plays an important role in 
silencing processes within the cell. 
The c1r4 gene was cloned by complementation of the mating type defect, and 
simultaneously investigation of a clone, pS26 encoding a candidate chromo-domain 
protein. It was shown that these two clones carry all or part of the same gene, and 
that further more this gene was c1r4. 
The initial sequence analysis of pS26 has shown that the N-terminus of c1r4 
encoded a chromo-domain protein. This domain was originally defined as a region of 
homology between the Drosophila proteins HP 1, and polycomb (Paro and Hogness, 
1991), although it has since been found in many evolutionarily diverged organisms, 
including mammals (Saunders et al., 1993). HP  (Heterochromatin Protein 1) has 
been shown to localise to the heterochromatic regions of the Drosophila genome 
(James and Elgin, 1986; James et al., 1989), a characteristic which is shared by Swi6p 
(Ekwall et al., 1995). It is not clear what, if any sequences are necessary for this 
localisation. The polycomb protein conversely localises to defined sequences named 
PRE' s (polycomb response elements ), where it is required for the formation of a 
repressive complex necessary for inactivation of the homeobox genes in late embyonic 
development (Muller and Bienz, 1991; Simon et al., 1993). This perhaps mirrors the 
role of Swi6p at the mating type loci of S.pombe where defined sequences are 
required for silencing (Ekwall et al., 1991). 
Several experiments suggest that the chromo-domain is responsible for the 
localisation of these genes to their respective targets. Direct mutational analysis of 
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HP 1 and polycomb suggest that the chromo-domain is required for this localisation 
(Messemer et al., 1992; Platero et al., 1995). Furthermore on construction of chimaric 
HP 1 -polycomb proteins it was shown that the localisation of the chimirae was 
dependant on the origin of the chromo-domain. It would appear that this localisation 
is not mediated by direct protein-DNA interactions, at least in the case of polycomb as 
it does not appear to bind to DNA in vivo (Zink and Paro, 1989), but rather appears 
to bind chromatin (Orlando and Paro, 1993). 
Direct evidence that the chromo-domain behaves similarly in S.pombe is 
sparse. The swi6-115 mutation is not in the chromo-domain, although it is in the 
"shadow-domain"- a domain distinct from, but structurally related to the chromo-
domain, and one often found paired with a chromo-domain. Similarly in the thesis it 
has been shown that none of five independant alleles of c1r4 are caused by a primary 
genetic defect within the chromo-domain (clr4 does not appear to have a shadow-
domain). 
However the localisation to heterochromatic regions of Swi6p has been 
determined throughout the cell cycle, and c1r4 is required for this localisation (Ekwall 
et al., 1995). Whilst it is not known whether Swi6p directly binds DNA or not, it does 
appear to bind specifically to the centric heterochromatin as evidenced by chromatin 
immunoprecipitation (J.Partridge pers.comm.). Additionally the phenotypes of c1r4 
and swi6 are similar, suggesting that the two may act within a pathway. Given this it 
seems reasonable to suppose that Clr4p may have a similar localisation to Swi6p. 
Initial attempts to demonstrate this, by both use of polyclonal antibodies raised against 
Clr4p and epitope tagging of c1r4 have been hampered by the low native levels of 
Clr4p within the cell (J.Partridge, and R.Allshire pers.comm.). Attempts where also 
made to localise the Clr4p by expression from the nmt promotor. Under this promoter 
Clr4p shows no specific localisation appearing to fill the nuclear volume, and also 
shows an only partial complementation of clr4-s5 presumably because of excessive 
levels of the protein within the cell (As these experiments were performed with down- 
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regulated verisons of nmt, it seems feasible that clr4-pS26 which carries a full-strength 
nmt promoter may be non-functional for this reason rather than the replacement of 
part of the open reading frame with GFP). By repressing the nmt promoter, by the 
addition of thiamine, and examining cells through a time course however as levels of 
Clr4p within the cell fall to more normal levels of expression it appears to co-localise 
with Swi6p, which suggests that native Clr4p may indeed show a similar localisation 
to Swi6p (J.Partridge, and R.Allshire pers.comm.). 
The central region of c1r4 shows little similarity to other proteins despite 
extensive searchs against the public protein databases. Only Suvar3(9) and its 
mammalian homologs show significant homology within this region and this 
homology is significantly weaker than that seen with the chromodomain or SET 
domains (for instance 40% identity with Drosophila Suvar3(9) in the SET domain, 
with only 20% identity in the central domain). The originally isolated clr4-s5 mutation 
is caused by a 48bp duplication in the primary sequence within this central region. In 
the wild-type sequence this region is surrounded by a 9 base pair direct repeat. 
Transposon activity often results in the production of short direct repeats which are 
the result of duplication of the target sequences (the sequences where the transposon 
inserts). It therefore seemed possible that this sequence might be the result of 
transposon activity. However the duplicated region does not appear to show any of 
the internal structure which might be expected of a transposon (such as inverted 
repeats immediately internal to the direct repeats), nor does it appear to show 
similiarity to known transposons. If this direct repeat is therefore the result of such 
activity it is would appear to be an evolutionary relic. It would seem therefore that the 
most likely cause of the duplication within clr4-s5 was either replication slippage or 
an unequal recombination event mediated by the 9bp direct repeat in c1r4. Given the 
absence of homologies within this region it is suggested that this duplication probably 
causes loss of function by altering the distance between more critical sections within 
the protein. Further evidence for this hypothesis could be obtained either by 
152 
determination of the secondary structure of Clr4p or alternatively by producing c1r4 
alleles with smaller duplications within this region. 
As well as the chromo-domain, the c1r4 gene encodes a second block of 
homology at the C-terminal end, known as the SET domain. From the sequence 
analysis of mutant alleles of c1r4 presented in this thesis, it would appear that this 
domain is more critical for the functioning of c1r4 than the chromo-domain, as three 
out of the four missense mutants were defective in this region, although it can not be 
ruled out that this region of the gene is for some reason more likely to suffer 
mutation. 
The SET domain, was more recently identified than the chromo-domain as a 
region of homology between three Drosophila proteins, Suvar (3)9, Enhancer of 
Zeste, and Trithorax. All three of these proteins affect gene expression by what might 
be broadly described as heterochromatic mechanisms. Trithorax is a negative 
regulator of the homeobox clusters, whilst both Suvar (3)9 and E(z) affect position 
effect variegation. The common homology between these three proteins suggest that 
similar molecular processes are involved in both forms of silencing. The presence of 
this domain in c1r4 further supports the idea that the silencing processes found in 
many organisms are of common evolutionary origin. Similar conclusions have been 
reached by Laible et al., (1997), who showed that over-expression of one of the two 
mammalian homologs of E(z), named EZH2 enhances PEV in Drosophila when over 
expressed, a phenotype which it shares with E(z) itself. In S. cerevisiae more over 
both EZH1 and EZH2 show partial complementation of the set] mutants. These genes 
also contain a SET domain, and its mutation or deletion abolish telomeric position 
effects (Nislow et al., 1997). 
The arrangement of the chromo-domain and the SET domains in c1r4 is also 
found in the Suvar(3)9 protein, which like c1r4 is a positive regulator of PEV. It 
would be of interest to see whether c1r4 overexpression in Drosophila could 
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complement this mutation. Additionally in S.pombe the c1r4 mutation causes an 
elevated rate of chromosome loss. Given the recent appearance of an assay system for 
chromosome loss in Drosophila it would also be of interest to see whether Suvar(3)9 
mutants cause a similar increase in this organism. The recent discovery of a human 
homolog of this gene also raises the possibility of investigation of its potential role in 
centromere function. 
5.2.1 The disruption of c1r4 
During the course of the work presented in this thesis the c1r4 gene was 
disrupted. It was shown to be non-essential, and to have a phenotype similar or 
identical to that previously described for clr4-s5. Although this disruption did not 
remove the full open reading frame of c1r4 several lines of evidence suggest that this 
is the true null phenotype. First the phenotypes of several c1r4 mutant alleles have 
been tested at the mating type (clr4 -642, clr4-681, clr4 -689, clr4-s5), at the 
telomeres (clr4-s5, clr4-L1, clr4::LEU2) and shown to be highly similar, suggesting 
that all of these genes are functionally null. Only the clr4-pS26 allele showed a 
phenotype which was noticably different from these. Secondly all of the c1r4 alleles 
known are recessive (Table 4.2, and data not shown). And thirdly the primary defect 
of clr4-s5 appears to be fairly severe and might be expected to give a null phenotype 
(Figure 4.7). Finally after the completion of the work described here a full open 
reading frame deletion of c1r4 was performed by the PCR based method described 
chapter 3 for eval and shown to have a similar or identical phenotype to 
clr4::LEU2 and clr4-s5 (J.Partridge, and P.L., data not shown). It is therefore 
concluded that disruption of the c1r4 gene performed during the work described in 
this thesis represents a functionally null allele of clr4. 
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5.2.2 The function of clr4 within the cell. 
Several lines of evidence suggest that c1r4 and swi6 interact either directly or 
through a common pathway. The phenotypes of the deletions of these two genes are 
highly similar affecting silencing at the centromeres, telomeres and mating type 
region. The combination of these two genes into a double mutant shows a similiar 
phenotype to both single mutants. Swi6p requires the presence of a functional c1r4 
gene, and it now seems that Clr4p has a similar localisation to Swi6p. 
However questions remain about the function of these genes at the 
centromeres. Whilst mutation in both genes causes a large increase in the rate of mini-
chromosome loss (100 fold) a large part of centromere function remains. It would 
seem therefore that this role is either subsidiary or redundant with other pathways or 
genes. If the latter is true then it is clearly of interest to isolate members of the 
alternate pathways. The analysis of c1r4 performed during the work described in this 
thesis has already helped in the isolation of such a gene. The demonstration that c1r4 
as well as swi6 contain a chromo-domain re-inforced the idea that possession of such 
a domain signalled the involvement of that gene with the heterochromatic regions 
(which include the centromere) of the genome. Shortly after the completion of the 
sequencing of c1r4 a third chromo-domain gene in S.pombe was sequenced by the 
genome sequencing project (accession no. Q10103). The chromo-domain of this gene, 
named pcp3(Pombe Chromo-domain Protein) is shown in Figure 4.5 as part of the 
multiple sequence alignment. This gene has subsequently been disrupted, again using 
the PCR based method described in Chapter 3, and shown to cause defects in 
centromeric silencing (B.Borgstrøm pers.comm.). Importantly it does not appear to 
affect the functioning of the mating type region, and is not required for the 
localisation of Swi6p to the centromeric region, and conversly swi6 4 is not required 
for its (centromeric) localisation. It would therefore appear that it does not function in 
concert with swi6 1 and c1r4. As well as the chromo-domain, c1r4 also contains a SET 
domain. The allele sequencing data suggests that this is of more importance to the 
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functioning of c1r4 than the chromo-domain. I have therefore performed database 
searches with this domain. There appear to be at least three other SET domain 
proteins in S.pombe (two with accession no.'s z99164, and q10362, and a third on 
cosmid c306, which at the time of writing has not been assigned an accession no. The 
first two are shown as part of the sequence alignment in Figure 4.5). It would be of 
great interest to perform a deletion of this gene in order to determine if it too was 
implicated in involvement in centromere function. With the imminent completion of 
the genome sequencing project it should become possible to identify any remaining 
chromo-domain or SET domain genes in S.pombe. 
5.2.3 Further work on c1r4 
As mentioned previously initial data on C1r4p suggests that it co-localises 
with Swi6p. It is already known that Swi6p localisation is dependant on the presence 
of c1r4 within the cell. It may now be possible to determine if Clr4p localisation is in 
turn dependant on swi6'. If this is the case it would suggest that Clr4p and Swi6p 
bind to the heterochromatic regions co-operatively in a single complex, rather than as 
part of a pathway. 
As the c1r4 affects silencing at all known heterochromatic sites within 
genome this gene could form the basis of a suppressor mutational screen which might 
help to isolate further members of a putative heterochromatic complex. On the basis 
of the sequence analysis of the various alleles performed it would appear that clr4-s5 
would not be an appropriate allele to use. The severe nature of this allele would mean 
that mutations in interacting proteins would be unlikely to suppress this allele. The 
other four alleles sequenced are however all missense mutations, resulting in the 
alteration of a single amino-acid in the final protein, and it would be more appropriate 
to use one of these alleles. Alternatively if it were desired to perform a mutational 
analysis to isolate genes with a partially redundant function to c1r4 it would be 
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possible to perform a "synthetic lethal" screen, for genes lethal only in the presence of 
a deletion of c1r4. 
The mutation screens suggested above could instead be performed using 
over-expression of genomic, or cDNA libraries. As well as the basis for a screen it is 
also possible to perform similar expriments using the existing genes which are known 
to affect centromeric silencing in S.pombe, such as swi6, pcp3, and riki. If any of 
these show that ability to suppress c1r4 then the four mutant alleles of c1r4 could help 
to provide information about the specific sites of interaction between these genes. 
Currently the exact roles of the chromo-domain and SET domain within 
c1r4 remain to be discovered. As c1r4 is not lethal a more directed mutational 
analysis could be performed on this gene. It has been shown that mutations within 
three of the conserved codons within the SET domain cause a non-functional protein. 
By use of a PCR-directed mutagenesis approach it would be possible to expand this 
analysis and define the functionally important residues within the protein. 
There are now a number of genes which are known to have functions at the 
centromere, but currently little is known about how these interact. As well as the 
experiments already mentioned such as investigation of Clr4p localisation in a swi6 
background, the existance of clones for the these genes provides the oppurtunity to 
perform a 2-hybrid analysis to probe direct interactions between these genes. 
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5.3 Summary 
In this thesis I have described the analysis of the eva1. Whilst it would appear 
that this gene is not directly involved in centromere function it does affect silencing 
within this region, although possibly indirectly. From this phenotype, and from the 
results of sequence analysis it is suggested that this gene may be a transcriptional 
repressor similar to those found in other organisms, and operating by "chromatin re-
modelling". 
Also the first molecular analysis of the clr4 gene is described. This analysis confirms 
the importance of the chromo-domain proteins in silencing and centromere function. 
This analysis will also allow many other experiments which may help to further 
elucidate the role of this gene in the formation of a functional kinetochore. 
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Addendum 
Shortly after the completion of this thesis Ivanova et al (1998) reported the 
cloning and sequencing of the c1r4 gene. They also report the existance of chrome, 
and SET domain, and the same primary defects from clr4-642, clr4-681 and clr4 -689 
alleles. 
Additionally they performed site directed mutagenesis on the chromo-domain 
region, and showed that whilst the chromo-domain was essential for full silencing the 
mutants in this region did not cause haploid meiosis, or an abberant iodine staining 
pattern suggesting that derepression of both silent mating type loci did not occur. 
Differential display was also performed resulting in the isolation of three genes, cdli, 
cdl2 and cd13. Of these the first is repressed by c1r4 whilst the others require c1r4 
for normal expression showing that clr4 is both a positive and negative regulator of 
expression. 
At the present time neither the chromo-domain mutants of clr4, nor the cdl 
genes have been tested for effects on the centromeres although clearly these analyses 
would be of interest. 
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